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ABSTRACT 
 
 Glycerol is a waste by-product obtained during the production of biodiesel.  
Biodiesel is one of the alternative fuels used to meet our energy requirements and also 
carbon dioxide emission is much lesser when compared to regular diesel fuel. Biodiesel 
and glycerol are produced from the transesterification of vegetable oils and fats with 
alcohol in the presence of a catalyst. About 10 wt% of vegetable oil is converted into 
glycerol during the transesterification process. An increase in biodiesel production 
would decrease the world market price of glycerol. The objective of this work is to 
produce value added products such as hydrogen or syn gas and medium heating value 
gas from waste glycerol using pyrolysis and steam gasification processes. 
 Pyrolysis and steam gasification of glycerol reactions was carried out in an 
Inconel®, tubular, fixed bed down-flow reactor at atmospheric pressure. The effects of 
carrier gas flow rate (30mL/min-70mL/min), temperature (650oC-800oC) and different 
particle diameter of different packing material (quartz - 0.21-0.35mm to 3-4mm; silicon 
carbide – 0.15 to 1mm; Ottawa sand – 0.21-0.35mm to 1.0-1.15mm) on the product 
yield, product gas volume, composition and calorific value were studied for the 
pyrolysis reactions.  An increase in carrier gas flow rate did not have a significant effect 
on syn gas production at 800oC with quartz chips diameter of 3-4mm. However, total 
gas yield increased from 65 to 72wt% and liquid yield decreased from 30.7 to 19.3wt% 
when carrier gas flow rate decreased from 70 to 30mL/min. An increase in 
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reaction temperature, increased the gas product yield from 27.5 to 68wt% and hydrogen 
yield from 17 to 48.6mol%. Also, syn gas production increased from 70 to 93 mol%. A 
change in particle size of the packing material had a significant increase in the gas yield 
and hydrogen gas composition. Therefore, pyrolysis reaction at 800oC, 50mL/min of 
nitrogen and quartz particle diameter of 0.21-0.35mm were optimum reaction parameter 
values that maximise the gas product yield (71wt%), hydrogen yield (55.4mol%), syn 
gas yield (93mol%) and volume of product gas (1.32L/g of glycerol). The net energy 
recovered at this condition was 111.18 kJ/mol of glycerol fed. However, the maximum 
heating value of product gas (21.35 MJ/m3) was obtained at 650oC, 50mL/min of 
nitrogen and with a quartz packing with particle diameter of 3-4mm.  
 The steam gasification of glycerol was carried out at 800oC, with two different 
packing materials (0.21-0.35mm diameter of quartz and 0.15mm of silicon carbide) by 
changing the steam to glycerol weight ratio from 0:100 to 50:50. The addition of steam 
to glycerol increased the hydrogen yield from 55.4 to 64mol% and volume of the 
product gas from 1.32L/g for pyrolysis to 1.71L/g of glycerol. When a steam to glycerol 
weight ratio of 50:50 used for the gasification reaction, the glycerol was completely 
converted to gas and char. Optimum conditions to maximize the volume of the product 
gas (1.71L/g), gas yield of 94wt% and hydrogen yield of 58mol% were 800oC, 0.21-
0.35mm diameter of quartz as a packing material and steam to glycerol weight ratio of 
50:50. Syn gas yield and calorific value of the product gas at this condition was 92mol% 
and 13.5MJ/m3, respectively. The net energy recovered at this condition was 117.19 
kJ/mol of glycerol fed. 
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 The steam gasification of crude glycerol was carried out at 800oC, quartz size of 
0.21-0.35mm as a packing material over the range of steam to crude glycerol weight 
ratio from 7.5:92.5 to 50:50. Gasification reaction with steam to glycerol weight ratio of 
50:50 was the optimum condition to produce high yield of product gas (91.1wt%), 
volume of gas (1.57L/g of glycerol and methanol), hydrogen (59.1mol%) and syn gas 
(79.1mol%). However, the calorific value of the product gas did not change significantly 
by increasing the steam to glycerol weight ratio.   
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NOMENCLATURE 
 
 
GHSV  Gas hourly space velocity, h-1
 
fH∆   Heat of formation, kJ/mol 
rH∆   Heat of reaction, kJ/mol 
vapH∆   Heat of vaporization, kJ/mol 
Q   Enthalpy, kJ 
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1. INTRODUCTION 
 
Fossil fuel is one of the major energy resources being widely used to meet our 
energy requirements. This resource is depleting fast and also, many consider that it is the 
major source of global warming (Wigley, 1991 and Hoel and Kverndokk, 1996). 
Various alternative fuels such as hydrogen, ethanol and biodiesel (eg: methyl esters) are 
being exploited/used currently to sustain the energy requirement.  
Biodiesel has become an attractive alternative fuel because of environmental 
benefits such as lower emission of carbon monoxide and carbon dioxide compared to 
regular diesel (National Biodiesel Board, 2004). Biodiesel has been produced from 
vegetable sources (soybean, sunflower, canola, cotton seed, rapeseed and palm oil) and 
animal fats. There are four ways to make biodiesel; direct use and blending, micro 
emulsions, thermal cracking (pyrolysis) and transesterification (Ma and Hanna, 1999). 
Transesterification is the reaction of fat or vegetable oil with an alcohol to form 
biodiesel (esters) and glycerol using a catalyst (Sridharan and Mathai., 1974; Boocock et 
al., 1995; Fillieres et al., 1995; Dalai et al., 2000; Demibras, 2002; and Shah et al., 
2003). For example, in the transesterification of rapeseed oil using ethanol (Peterson et 
al., 1996), 10wt% of glycerol is produced as by-product.  
Different feedstocks such as soybean, corn, trap grease and inedible tallow are 
available in the world market to produce 5.8 billion litres of biodiesel (Tyson, 2003). 
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When biodiesel is produced in large quantity, it is important to find useful applications 
for the resulting large quantity of glycerol in the world market. Tyson (2003) reported 
that glycerol markets are limited; an increase in biodiesel production may cause glycerol 
prices to decline from $1/L to $0.7/L by 2010. The money invested in purifying the 
glycerol would also be high (Prakash, 1998).  Also, Tyson, 2003 reported that net 
biodiesel production costs can be reduced from US$0.63/litre of B100 to US$0.38/litre 
of B100 by adding value to the glycerol by-product. The main objective of this research 
was to identify the possible ways to convert the crude glycerol into value added 
products. 
Glycerol is a potential feedstock, for hydrogen production because one mole of 
glycerol can produce up to four moles of hydrogen. Hydrogen (H2) is mostly used in 
refinery hydrotreating operations, ammonia production and fuel cells (Rapagna et al., 
1998). When glycerol is cracked at high temperature to produce hydrogen, it is possible 
to get carbon monoxide as one of the gaseous products. Formation of syn gas (H2+CO) 
in the ratio of H2/CO equal to 2:1 could be used as a feedstock in Fischer Tropsch 
synthesis to produce long chain hydrocarbon (-CH2-; green diesel) (Chaudhari et al., 
2001 and Steynberg and Nel, 2004). Gases which are produced from thermal cracking of 
glycerol would have medium heating value and can be used as a fuel gas. Therefore, it 
was proposed to produce value added products such as hydrogen or syn gas and medium 
heating value gases from glycerol using fixed bed reactor without a catalyst.  
Non-catalytic processes such as pyrolysis and steam gasification are technologies 
that can produce value-added products such as hydrogen and syn gas from glycerol. 
Pyrolysis is the high temperature thermal cracking process of organic liquids or solids in 
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the absence of oxygen (Cutler and Antal 1987). Steam gasification produces gaseous 
fuel with higher hydrogen content than the pyrolytic process in the presence of oxygen 
and it reduces the diluting effect of nitrogen, used as a carrier gas in the pyrolysis, in the 
produced gas (Franco et al., 2002).    
 
1.1 KNOWLEDGE GAP 
 Literature are available on converting glycerol into hydrogen rich gas using 
catalytic process (Xu et al., 1996, Czernik et al., 2000 and Cortright et al., 2002). 
However, literature based on converting glycerol into value added products such as 
hydrogen or syn gas using pyrolysis and steam gasification are very less. No systematic 
studies have been carried out on the effects of process parameters such as carrier gas 
flow, temperature, particle diameter of packing material and steam to glycerol weight 
ratio. Process conditions are needed to be optimized to maximize the production of 
hydrogen or syn gas and volume of the product gas. A comprehensive method should be 
developed for converting crude glycerol into hydrogen or syn gas.  
 
1.2 OBJECTIVES 
The objective of this research is to carry out a detailed study on pyrolysis and 
steam gasification of glycerol. In this investigation, process conditions will be optimized 
by the studying the effects of carrier gas flow rate, temperature, particle size of the 
packing material and steam to glycerol weight ratio on product yield, gas composition, 
volume and calorific value of the product gas. The specific objectives of this research 
are described in the following sections.  
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1.2.1 Pyrolysis of glycerol  
Preliminary studies on pyrolysis of glycerol showed that at 700oC with the 
carrier gas flow rate of 50mL/min in a packed bed reactor would produce 70mol% of 
syn gas. Therefore, process conditions will be studied over the ranges of those values. 
The pyrolysis of glycerol will be carried to the study the effects of carrier gas glow rate, 
over the range of 30mL/min to 70mL/min and temperature, over the range of 650oC to 
800oC.  Optimum carrier gas flow rate and temperatures will be chosen based on the 
maximum yield of gas and syn gas composition. Optimum temperature and carrier gas 
flow rate selected from these studies will be used to investigate the effects of particle 
size of the packing material. 
 
 1.2.2 Steam gasification of glycerol  
 A suitable temperature and particle size will be selected to study the steam 
gasification of glycerol by varying the weight ratio of steam to glycerol from 0:100 to 
50:50. The effects of steam to glycerol weight ratio on product yield, volume of product 
and product gas composition will be studied. The optimal weight ratio of steam to 
glycerol will be chosen to study the gasification of crude glycerol.  
 
1.2.3 Steam gasification of crude glycerol 
A sample will be obtained from Agriculture and Agri-Food Canada and will be 
analyzed to determine the composition of crude glycerol. Steam gasification studies will 
be carried out on the crude glycerol and synthetic mixtures of glycerol having similar 
composition of crude glycerol sample.  
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2. LITERATURE REVIEW 
 
Limited literature is available regarding the two possible processes, pyrolysis and 
steam gasification, used to convert glycerol into hydrogen and other value-added 
products. Literature based on these processes is discussed below. Catalytic conversion of 
glycerol into hydrogen is also discussed in this chapter. The potential feedstock to 
produce biodiesel and glycerol is also discussed. Glycerol can also be used in various 
applications such as tooth paste, cosmetics and food (Claude, 1999). These applications 
require that the glycerol has a purity of at least 99.5% (wt/wt). Claude (1999) reported 
that glycerol can be a potential feedstock for the production of 1,3-propanediol, 
polyglycerols and polyurethanes. However, glycerol is one of the potential feedstock to 
produce hydrogen.  
 
2.1 FEEDSTOCK POTENTIAL IN CANADA  
Prakash (1998) reported that the production of canola and soy oils in 1996 in 
Canada was 1,153 million tonnes and 166,000 tonnes, respectively. He assumed that 
10wt% of canola and soy oil could be used for the production of biodiesel. That would 
result in 277 million litres of biodiesel per year. He also reported that 108 million litres 
of biodiesel could be obtained from tall oil (a by-product from the treatment of pine 
pulp). This adds up to a total biodiesel production to 385 million litres
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per year. This would lead to the production of 38.5 million litres of glycerol per year in 
the Canadian glycerol market.     
The federal government of Canada has planned to produce 500 million litres of 
biodiesel per year by the year 2010 to meet the Kyoto protocol (Smith, 2004). With 
10wt% production of glycerol, this would lead to 55.4 million litres of glycerol/year in 
the Canadian market. Xu et al. (1996) reported that increasing demand for biodiesel may 
create a glut of glycerol, which could become available as a feedstock at low or negative 
cost. To improve the economics biodiesel production and also to improve the glycerol 
market, it is important to process glycerol into value-added products. The viable 
processes to convert glycerol into value added products, such as hydrogen or syn gas, 
are pyrolysis, steam gasification and catalytic steam reforming.  
 
 
2.2 PROCESSES TO PRODUCE HYDROGEN OR SYN GAS FROM GLYCEROL 
 Literature on pyrolysis and steam gasification of glycerol with different process 
conditions such as temperature and steam to glycerol ratio are discussed in this section. 
Also, catalytic conversion of glycerol into value-added chemicals using different 
catalyst such nickel, platinum, HZSM-5 and Y-Zeolite are discussed in this section.   
 
2.2.1 Pyrolysis and Gasification of Glycerol 
The pyrolysis process yields liquid fuels at low temperatures (400 to 600oC) and 
gaseous products at high temperatures (>750oC). Gasification is a process related to 
pyrolysis, but the major difference between is that gasification achieved in the presence 
of oxygen, in the form of air, pure oxygen or steam. 
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Value added products such as hydrogen or syn gas is produced from pyrolysis of 
glycerol in a fixed bed reactor (Chaudhari and Bakhshi, 2002).  The pyrolysis of 
glycerol was carried out in two ways; pyrolysis with and without any carrier gas 
(nitrogen). Chaudhari and Bakhshi (2002) carried out the pyrolysis of glycerol at 400oC 
and 500oC with a glycerol flow rate of approximately 2.0g/h. They reported that the 
operation was quite difficult without using a carrier gas because of char formation in the 
feed inlet. 
Chaudhari and Bakhshi (2002) carried out the pyrolysis of glycerol with a 
nitrogen flow rate of 50ml/min, a glycerol flow rate from 2.2 to 4g/h and over the 
temperature range of 350 to 700oC in a packed bed reactor. They found that the 
complete conversion of glycerol occurred at 700oC. They reported that a gas yield of 
50wt% was obtained but there was no liquid product. The residue was 6.3wt% and the 
remaining weight percent was char. The gaseous product essentially consisted of syn gas 
(H2/CO ratio: 1.77). 
They also carried out steam gasification of glycerol with steam flow rate of 
2.5g/h, 5g/h and 10g/h at 600°C and 700oC and glycerol flow rate of 4g/h. They reported 
that ~80wt% of glycerol was converted when steam flow rate of 10g/h at 700oC was 
used and producing 92.3mol% syn gas mixture of approximately H2/CO ratio of 2. 
Gaseous product was around 70wt%. They reported that syn gas can be further 
converted to hydrogen by water-gas shift reaction and can be used as a fuel for fuel 
cells. Also, syn gas could be converted to green diesel using the Fischer-Tropsch 
reaction. 
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Steam gasification of glycerol was studied in a laminar flow reactor in gas phase, 
homogenous reaction (Stein and Antal, 1983). The main objective of the study was to 
produce the liquid product. Stein and Antal (1983) carried out experiments at 650-700oC 
with residence time of 0.1s and steam flow rate of 1g/min. Products of the gasification 
of glycerol using steam at 650oC and 1 atm were acrolein and acetaldehyde with yields 
of 52mol % and 48mol %, respectively. For a shorter residence time (i.e., 0.1s) and 
lower temperatures, acrolein and acetaldehyde were primary liquid products. As the 
temperature increased from 650 to 700oC, syn gas of 76.4mol% at 700oC (mixture of 
carbon monoxide 43.5mol% and hydrogen 32.9mol%) was the major gaseous product.   
Carbon-catalyzed gasification of organic feedstocks was conducted using 
supercritical water by Xu et al. (1996). The organic feed stocks were glycerol, glucose, 
cellobiose, whole biomass feedstocks (bagasse liquid extract and sewage sludge) and 
wastes from the United State’s Department of Defence. They used different carbon 
catalysts such as spruce wood charcoal, macadamia shell charcoal, coal activated 
carbon, and coconut shell activated carbon. They studied effects of temperature (500-
600oC), pressure (251 atm - 340 atm), weight hourly space velocity (14.6 h-1-22.2 h-1) 
and the type of catalyst used for gasification. They carried out gasification of glycerol 
(2.0M) with supercritical water at 600oC, a pressure of 340atm, with and without 
coconut shell activated carbon catalyst in a supercritical reactor. They reported that 
glycerol was easily and completely gasified to a 54.3mol% hydrogen-rich gas in 
supercritical water without a catalyst. The presence of a catalyst had little effect on the 
gas composition. They found that a low yield of 2mol% of CO and high yield of 
54.3mol% H2 in these experiments. This result was in contrast to that of Stein and Antal, 
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(1982). According to Xu et al. (1996), supercritical reaction might have different 
gasification chemistry than that of observed at atmospheric pressure, because, at high 
pressure reaction condition, ionic reaction pathway dominates.    
 
2.2.2 Catalytic Treatment of Glycerol 
Catalytic steam reforming of organic compounds is one of the processes used to 
produce hydrogen. Catalyst is mainly used to increase the reaction rate and to increase 
the selectivity of hydrogen. Steam reforming reactions of any oxygenated organic 
compounds such as glycerol and acetaldehdye proceeds according to the following 
equation 2.1 (Czernik et al., 2002): 
CnHmOk + (n-k) H2O  nCO + [(n+m/2-k)] H→ 2                                            (2.1) 
Because of the excess steam used in the process, carbon monoxide further undergoes the 
water gas shift reaction to produce CO2 and H2. Research has been also carried out to 
produce hydrogen from biomass-derived oxygenated compounds such as methanol, 
glycerol and ethylene glycol using catalytic aqueous phase reforming reactions (Davda 
et al., 2003). 
Czernik et al. (2000) carried out catalytic steam reforming of bio oil derived 
fractions and crude glycerine (a by-product from transesterification of vegetable oil with 
methanol) using a fluidized bed reactor to produce hydrogen. In experiments, 150g - 
200g of a commercial nickel based catalyst was used. Catalyst was fluidized by the 
superheated steam. They reported that crude glycerine was a very viscous liquid and 
partially miscible with water. The temperature of crude glycerine was maintained at 60-
80oC because of its high viscosity. They suggested that at a lower viscosity, it was easier 
to pump and atomize. The glycerol was fed at the rate of 78g/h, GHSV = 1600 h-1 and 
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steam at a rate of 145 g/h. Therefore, the steam to carbon ratio was 2.3. Concentration of 
major gaseous product was found to be constant but, there was an increase in methane 
production from 500 parts per million (ppm) to 2200ppm when the run time increased 
from 0 min to 250 min. The hydrogen yield was around 77wt%. They suggested that a 
higher yield of hydrogen would be possible if a higher amount of steam was used in the 
process. Conversion of carbon monoxide in the gas through water-gas shift to CO2 and 
H2 would increase the yield to 95 wt %. These results showed that a commercial value 
by-product from bio-diesel production could become a viable renewable material for 
producing hydrogen. They suggested that integration of the water-gas shift reaction and 
fluidized bed technologies would enhance the production of hydrogen and make it 
economically feasible.  
Sugar-containing hydrolysates and glycerol-containing liquors derived from 
residual fats can also be potential feedstock for the production of hydrogen (Chornet and 
Czernik, 2002).  Chronet and Czernik, (2002) suggested that feedstocks should 
preferably be obtained from high-productivity biomass crops (for example, jatropha 
plant can grow even in dry land); with little or no use of synthetic fertilizers (fertilizers 
could act as a catalyst in the process). They suggested that the steam reforming of 
biomass derived oxydegenated hydrocarbon such as glycerol, sorbitol and ethylene 
glycol using nickel based steam reforming catalyst could maximize the production of 
hydrogen. They also suggested that the robustness of a nickel based catalyst guarantee 
this operation over thousands of hours.  
Cortright et al. (2002) carried out aqueous-phase reforming of sugars and 
alcohols using a fixed-bed reactor at temperatures near 265oC and 225oC to produce 
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hydrogen. They used platinum catalyst supported on nanofibres of γ -alumina. Alcohols 
such as glycerol, sorbitol, methanol and ethylene glycol were used in this study. They 
suggested that the reforming of more immediately available compounds such as glucose 
is likely to be more practical. Higher hydrogen yields were obtained using sorbitol, 
glycerol and ethylene glycol as a feed molecule for aqueous-phase reforming than the 
hydrogen yield from glucose. The hydrogen yield from glycerol reforming was 
64.8mol% and 57mol% at 225oC and 265oC, respectively. They found that gaseous 
streams from aqueous phase reforming of the oxygenated hydrocarbons contained low 
levels of carbon monoxide (<300 ppm). Liquid products from the reactions essentially 
consisted of ethanol, 1,2-propanediol, ethanol, 1-propanol, acetic acid, ethylene glycol, 
acetaldehyde, 2 propanol, propionic acid, acetone, propionaldehyde and lactic acid.    
 Chaudhari and Bakhshi (2002) studied catalytic conversion of glycerol with 3 
different catalysts such as HZSM-5, γ  - alumina and Y – zeolite.  The experiments were 
carried out at 400, 450 and 475oC with nitrogen flow rate of 50ml/min, glycerol flow 
rate of 2.1-2.3 g/h/g of catalyst and catalyst loading of 1g. In this case, glycerol was 
completely converted to H2, CO, CO2, acrolein and acetaldehyde etc. Reactions using 
HZSM-5 catalysts produced 53-61wt % of liquid product consisting of acetaldehyde and 
acrolein. As a result, gaseous product (~9wt%) yield was very low in which hydrogen 
concentration was around 57-64mol%.  
Reactions using γ -alumina produced 52-68 wt % of liquid product, essentially 
consisting of acrolein and acetaldehyde. Gas yield was low (5-10 wt %).  Unreacted 
glycerol (11wt%) was more when they used γ -alumina as a catalyst when compared to 
the liquid yield of 0.3wt% using HZSM-5 catalyst. Reactions using Y-zeolite produced 
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similar results to the reactions usingγ -alumina as a catalyst. However, γ -alumina and 
Y-zeolite performed poorly when compared to HZSM-5 catalyst. 
 Thus, the literature review based on the three possible processes including 
pyrolysis, steam gasification and catalytic steam reforming studies shows that there is a 
potential for producing value added products from waste glycerol, obtained from 
biodiesel production. Very few researchers are working in the chemistry of gasification 
of glycerol. In the following section, the literature is reviewed regarding on the 
chemistry of glycerol gasification.  
 
2.3 CHEMISTRY OF GASIFICATION OF GLYCEROL 
 The thermal cracking of oxygenated organic compounds, such as glycerol and 
acetaldehyde pyrolysis products, has complex chemistry (Wang et al., 1996). Large 
numbers of primary and secondary pyrolysis products are generated through many 
different pathways. Wang et al. (1996) reported that partial thermal cracking of 
oxygenated hydrocarbons would produce hydrogen, carbon monoxide, carbon dioxide, 
methane and coke by primary decomposition reaction as represented in the equation 2.2.  
CmHnOk → CxHyOz + gas (H2, CO, CO2, CH4,….) + coke              (2.2) 
Glycerol decomposes when heated in supercritical water at 500oC and 340 atm to 
acetaldehyde, acrolein and gaseous mixture consisting of H2, CO, CO2, CH4, C2H4 and 
C2H6 (Antal et al., 1985). Antal et al. (1985) reported that the two possible pathways for 
the formation of acetaldehyde (C2) from glycerol (C3) are initial dehydration and 
homolytic cleavage of the C-C bond (C-C bond breaks without charge) as shown in the 
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equation 2.3. Their result supported that the homolytic cleavage of the C-C bond (route 
2) is responsible for the formation of acetaldehyde.  
 
 
 
(2.3) 
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Antal et al. (1985) reported that acrolein could have formed from glycerol via 
dehydration as shown in the equation 2.4.  
 
(2.4) 
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The main products from decomposition of glycerol in near and supercritical 
water were methanol, acetaldehyde, propionaldehyde, acrolein, allyl alcohol, ethanol, 
formaldehyde, carbon monoxide, carbon dioxide and hydrogen (Buhler et al., 2002). 
Buhler et al. (2002) reported that free radical reaction pathway dominates at lower 
pressures and/or higher temperatures. The formation of gaseous products is favourable 
at high temperatures and they follow radical reaction pathway.  
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From the literature review, it is clear that glycerol, a by-product from production 
of biodiesel process, has an ability to produce value added products using three possible 
processes namely pyrolysis, steam gasification and catalytic steam reforming. The 
results obtained by Chaudhari and Bakhshi, (2002) showed that there is no liquid 
product in pyrolysis of glycerol process at 700oC. This result was in contrast with those 
obtained by Stein and Antal (1983) who reported that pyrolysis process produced liquid 
products consisting of acrolein and acetaldehyde. Also, the results from Chaudhari and 
Bakhshi (2002) and Stein and Antal (1983) indicated that glycerol pyrolysis and steam 
gasification could lead to high quality hydrogen production. Thus, pyrolysis and steam 
gasification of glycerol processes should be revisited to understand the chemistry of the 
reactions and process parameters such as temperature, carrier gas flow rate and packing 
material. In addition, steam to glycerol weight ratio should be tuned to maximise the 
yield of hydrogen or syn gas. Therefore, it was proposed that detailed pyrolysis and 
steam gasification studies would be carried out for both pure glycerol and crude glycerol 
to produce value-added products.  
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3. EXPERIMENTAL 
 
This chapter describes the design and construction of the experimental set up for 
the pyrolysis and steam gasification of glycerol. Procedures and experimental details of 
each phase of the research are described in this chapter. Techniques for the analysis of 
products from the experiments and analysis of crude glycerol are also described in this 
chapter.   
 
3.1 EXPERIMENTAL SET UP  
3.1.1 Droplet Size Distribution over the Bed Packing  
A study on the distribution of droplets of the reactant over the bed packing was 
conducted with different nitrogen flow as shown in the Figure 3.1. This reactor 
configuration facilitates the gasification process because of formation of smaller 
droplets and enhances the heat transfer. Glycerol was pumped using an LDC analytical 
pump at the rate of 5.4 g/h and it flows from the top through a 1.58mm internal diameter 
pipe. Nitrogen was used as the carrier gas. Nitrogen and glycerol entered into the 
electric furnace maintained at approximately 300oC. This temperature was similar to the 
temperature at the top of the reactor during pyrolysis and gasification experiments. The 
droplet distribution of the reactant was also studied for a water and glycerol mixture in 
the weight ratio of 50:50 in the absence of carrier gas flow. The wax paper was placed 
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below the feed nozzle at a distance similar to the distance between the feed nozzle and 
the top surface of the reactor bed. 
 
 
 
 
 
 
 
Wax paper 
Electric furnace 
Glycerol 
N2
 
 
 
Figure 3.1: Set up for the spray studies 
 
3.1.2 Experimental set up for the Pyrolysis and Gasification Processes  
Pyrolysis and steam gasification of glycerol was carried out in a continuous 
down-flow fixed bed micro reactor at atmospheric pressure (see Figure 3.2). The 
Inconel® alloy reactor was 500mm long by 10.5mm internal diameter made of tube and 
was filled packing material. Quartz, silicon carbide and sand were used as packing 
material in order to have a plug flow and even distribution of the reactant inside the 
reactor. Packing material was held on a plug of quartz wool, which was placed on a 
supporting mesh at the center of reactor. Reactor packing height was 70 mm. The feed 
inlet tube was placed 40mm above the packed bed. Nozzle of the feed inlet facilitates 
the reactant to flow as smaller droplets because of the
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Figure 3.2 Experimental set up for pyrolysis of glycerol. 
1.Reactant beaker 2.LDC Analytical pump 3.Electric furnace 4.Fixed bed reactor 5.Ice bath 
6.Liquid collector 7.Gas collector 8.Brine solution 9.Nitrogen cylinder 10.Flow meter, V– Valve, 
P- Pressure regulator, CV- Check Valve, TC- Temperature controller and TI- Temperature 
indicator 
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carrier gas flow (nitrogen) and the temperature. Carrier gas was used to facilitate the 
uniform distribution of reactant in the reactor bed packing. The carrier gas flows 
downwards from the top of the reactor at a desired flow rate before the reactor was 
heated to a desired temperature (only for pyrolysis process). The flow rate of carrier gas 
was adjusted with a needle valve and was controlled using a mass flow meter (Sierra 
Instruments Inc, California, USA). Calibration of this mass flow meter was made using 
a calibrated bubble flow meter and was converted to the flow rates at standard 
temperature and pressure (STP) (see Appendix A1). Temperature was measured and 
controlled using a K-type thermocouple placed at the heating zone in the furnace and 
connected to temperature controller (Shimaden SR22, Tokyo, Japan). Another K-type 
thermocouple was placed inside the bed using a thermo well to measure the bed 
temperature. The temperature measured inside the reactor coincided with the operating 
temperature. The desired temperature of the reactor was reached in 45 to 75 min. 
Glycerol was pumped into the reactor using a LDC analytical pump (Rayonics Scientific 
Inc, Ontario, Canada) at the rate of 5.4 g/h. The LDC analytical pump was calibrated in 
the range of 2 g/h to 8g/h (see Appendix A2).  
 
3.1.3 A typical run 
The reactor was cleaned, dried, weighed with the packing material and mounted 
inside the furnace. Nitrogen was allowed to flow at the desired flow rate before the 
reactor attained the desired temperature. Glycerol was fed at 5.4 g/h at the desired 
reactor temperature 30 min. The product leaving the reactor was condensed and 
separated into liquid and gaseous fractions. The liquid product fraction was collected in 
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a liquid trap, cooled with ice-salt bath and the gaseous product was collected over a 
saturated brine solution of sodium chloride. The flow of nitrogen was maintained for 2 
min to flush the entire product inside the reactor after the reaction time of 30 min. The 
reactor was then cooled and weighed to determine the amount of char.  
 
3.2 CRUDE GLYCEROL ANALYSIS 
Crude glycerol was analyzed at the Saskatchewan Research Council (SRC). 
Methanol, water and potassium hydroxide were present in the crude glycerol. Methanol 
and glycerol were analysed using a HP (Hewlett Packard) 5890 gas chromatograph with 
an auto sampler and having a Flame Ionisation Detector (FID). The GC was equipped 
with the Nukol (15m, 0.53mm ID, 0.50µ m film thickness) fused silica capillary 
column. Helium was used as a carrier gas. Air and hydrogen were used to ignite the FID. 
The injector and detector temperature was 250oC and 330oC respectively. Two different 
programs were used to analyse the methanol and glycerol. The following GC program 
was used to analyze methanol: initial temperature at 30oC, initial temperature hold time 
of 5 min, heating rate of 50oC/min, final temperature at 190oC and final temperature 
hold time of 0 min. The glycerol was analysed using the following GC program: initial 
temperature at 120oC, initial temperature hold time of 4 min, heating rate of 8oC/min, 
final temperature at 190oC and final temperature hold time of 0 min. The potassium 
hydroxide was analysed using acid-base titration in which an accurately weighed sample 
was titrated with 0.1N hydrochloric acid using a phenolphthalein indicator until the pink 
color disappeared.  
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3.3 EXPERIMENTAL PROGRAM 
 Experiments were carried out in three major phases in this work and are listed 
below. Experiments under each phase are explained below.  
1. Pyrolysis of pure glycerol 
2. Steam gasification of pure glycerol 
3. Gasification of crude glycerol and synthetic mixture   
 
3.3.1 Pyrolysis of glycerol 
3.3.1.1 Effects of carrier gas flow rate 
Experiments in this section were carried out over the range of carrier gas flow 
rates of 30mL/min to 70mL/min at 800oC, and with the quartz particle size of 3-4mm. 
By changing the carrier gas flow rate, effects of distribution of reactant inside the reactor 
and residence time of the reactant on the product yield, volume and composition of 
product gas were studied. The residence time was calculated on the basis of carrier gas 
flow and empty reactor volume (Appendix B1). The optimum carrier gas flow rate was 
chosen based on the maximum volume of the product gas, selectivity of synthesis gas 
produced and low char yield from these experiments. The optimum flow rate was used 
to the study of effects of temperature. 
 
3.3.1.2 Effects of temperature 
 The main objective for changing the reaction temperature was to maximise the 
gas product yield, synthesis gas selectivity and volume of product gas. Experiments 
were carried out at the carrier flow rate of 50mL/min (chosen from the above studies) 
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and over the temperature range between 650oC to 800oC. The optimum temperature of 
800oC was chosen because glycerol was completely cracked and yielded high volume of 
gas. 
 
3.3.1.3 Effects of particle size of packing material 
 The objective of changing particle size of the packing material (quartz, silicon 
carbide and sand) was to maximise the volume of the product gas and hydrogen 
production because of the porosity of the reactor bed and thermal conductivity of the 
packing material. The experiments were carried out at 800oC (optimum temperature), 
50mL/min and over the different particle sizes of the packing material.  
The broken quartz tube was collected from the catalysis and chemical reaction 
engineering laboratories and was crushed using pestle and mortal to make it into smaller 
particles. The particles were separated into the desired mesh size of -45+60mesh (0.21-
0.35mm), -25+30mesh (0.60-0.71mm) and -5+7mesh (3.0-4.0mm) using different 
sieves.  
 Silicon carbide of different mesh size of 100 (0.15mm), 60 (0.21mm), 25 
(0.71mm) and 16 (1mm) was procured from Exolon-Esk, Tonawanda, New York, USA.  
Ottawa sand was procured from U.S Silica, Ottawa, Illinois, USA of mesh size of -
45+60 (0.21-0.35mm), -25+30 (0.60-0.71mm) and -8+16 (1.0-1.15mm).   
 
3.3.2 Steam gasification of glycerol  
 Effects of steam on product yield, product gas composition and volume were 
studied in this section. An objective of this work was to minimize the char production, 
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thereby increasing the selectivity of hydrogen, hydrogen to carbon monoxide ratio and 
volume of product gas. As water is soluble in the glycerol, it was added directly to 
glycerol so as to maintain water to glycerol weight ratio of 10:90, 25:75 and 50:50. 
Steam gasification of glycerol was carried out in the absence of carrier gas flow. The 
size of packing material of the reactor bed was chosen from the above studies which 
increase the volume of gas and synthesis gas production. Experiments were carried out 
at 800oC and with the quartz particles of size 0.21-0.35mm. Also, steam gasification of 
glycerol was carried out with silicon carbide packing with the particle size of 0.15mm.  
 
3.3.3 Gasification of crude glycerol 
 Experiments were carried out with crude glycerol and synthetic mixture of 
glycerol over the different steam to glycerol weight ratio at optimum temperature as 
obtained from studies on temperature effects, with the quartz packing. Experiments 
using synthetic mixture were carried out in the following steps. Initially, steam 
gasification of glycerol was carried out with steam to glycerol weight ratio of 50:50. 
Pyrolysis of pure methanol was carried out to study the effects of methanol in the 
synthetic mixture. Pyrolysis of methanol and glycerol was carried out in the weight ratio 
of 65:35.  Water was added to the glycerol and methanol to study the effects of water in 
the weight ratio of 60:30:10 (glycerol:methanol:water). To study the effects of 
potassium hydroxide (KOH) which is the catalyst used in the transesterification of 
vegetable oil, was added to glycerol, methanol and water mixture in the weight ratio 
similar to that in crude glycerol. The objective of this study was to compare the effects 
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of each component present in the crude sample and to maximise the product yield. 
Steam to crude glycerol ratios used in this study was 7.5:92.5, 25:75 and 50:50.   
 
3.4 ANALYSIS OF PRODUCTS 
The gas and liquid products from the experiments were analyzed using HP 
5880), HP 5890 and Fison gas chromatograph 8000 series.  
 
3.4.1 Product gas analysis 
A HP 5890 gas chromatograph (GC) with the thermal conductivity detector 
(TCD) having Carbosive S II column (3 m, i.d. 3.18mm) was used to analyze H2, CO 
and CO2. Helium gas was used as a carrier gas. A 5890 GC was programmed using 
following conditions: initial temperature 40oC, initial temperature hold time of one min, 
heating rate 12oC/min, final temperature 200oC, final temperature hold time of one min 
and detector temperature of 250oC.  
Hydrocarbons such as CH4, C2H4, C2H6 and C3+ were analyzed using a 5880 HP 
GC. A 5880 HP GC was equipped with the flame ionization detector (FID) having 
Chromsorb 102 Column (1.8 m, i.d. 3.18 mm). Helium gas was used as a carrier gas in a 
5880 HP. Air and hydrogen was used to ignite the flame for FID. A 5890 GC was 
programmed using following conditions: initial temperature 40oC, initial temperature 
hold time 3 min, heating rate 10oC/min, final temperature 200oC, final temperature hold 
time 2min and detector temperature of 250oC.  The GCs were calibrated using the 
standard gas mixtures (Appendix A3).  
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3.4.2 Liquid product analysis  
Unknown compounds present in the organic liquid products obtained from 
pyrolysis and steam gasification were identified using a gas chromatograph VG-250-SE 
mass-spectrometer (GC-MS). The attached GC was a Fisons GC 8000 series, Model 
8060, which was equipped with the stabilwax (cross bonded, 30 m long, i.d. 0.25mm) 
capillary column. The GC-MS was programmed using following conditions: initial 
temperature 40oC, initial temperature hold time 5 min, heating rate 5oC/min, final 
temperature 200oC, final temperature hold time 15min and the detector temperature was 
250oC. Split ratio in the injector was 1:200 at 220oC. The peaks obtained in the GC-MS 
analysis were identified using the GC-MS component library. Also, water content of the 
liquid product was analysed using Karl-Fishcer titrator.  
 
3.4.3 Typical product analysis 
A gas sample of 500µL was injected into HP 5890 GC. It took approximately 15 
min to detect the H2, CO and CO2. The oven was then allowed to cool down to the initial 
temperature of 40oC before injecting another sample. A gas sample of 300µL was 
injected to the FID of 5880 HP GC. The FID analysis took approximately 21 mins to 
elute all the gas components. During this time, all hydrocarbons including methane were 
analyzed. The peak area from GCs gave corresponding number of moles of each 
component present in the gas mixture at STP. The gas composition and volume of gas 
were calculated on nitrogen free basis.  
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4. RESULTS AND DISCUSSION 
 
In this chapter, the effects process parameters such as carrier gas flow, 
temperature, and particle diameter of the packing materials (quartz, silicon carbide and 
sand) and steam to glycerol weight ratio on the yields of gas, liquid, char, and product 
gas composition are explained. Also, the droplet distribution of reactant over the reactor 
bed is discussed.  
 
4.1 DROPLET SIZE DISTRIBUTION OF REACTANT  
The reactant feed system was designed in such a way that the nozzle would spray 
the reactant as fine droplets. The high temperature in the furnace facilitated spraying by 
reducing the viscosity of glycerol. Because of the carrier gas flow and low viscosity of 
the liquid, the glycerol was sprayed as small droplets from the feed inlet nozzle were 
shown in Figure 3.1. It is observed from Figure 4.1 that the flow of carrier gas had a 
significant effect on spray pattern and droplet size of the reactant. When the carrier gas 
flow rate was increased from 30mL/min to 70mL/min, the spray droplet size decreased 
approximately from 2 to 0.5mm and the droplets were distributed in larger surface area 
on the bed as shown in Figure 4.1(a), 4.2 (b) and 4.3(c). The addition of steam to 
glycerol also had similar effect on the distribution and size of droplets of the reactant but 
the droplet size was less when compared to spray with carrier gas flow as shown in 
Figure 4.1(d).  
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 a: Spray with 30mL/min                                   b: Spray with 50mL/min  
                 
c: Spray with 70mL/min                                     d: Spray with mixture of water and     
                                                                                   glycerol 
 
Figure 4.1 Glycerol droplet size distribution as a function of flow rate of nitrogen 
(a to c) and without nitrogen (d) 
 
4.2 REPRODUCIBILITY OF EXPERIMENTAL DATA 
A few experiments were repeated to check the reproducibility. The standard 
deviations and errors for the run #1, 2, 3, 4, 32 and 33 are reported in the Table 4.1. 
From run #1 to 4 are the pyrolysis of glycerol with carrier gas flow rate of 30mL/min 
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and 50mL/min. Run# 32 and 33 are the steam gasification of crude glycerol at 800oC. 
ere mostly below one and ±5% with 95% confidence respectively.  Material balances 
cerol are given in the Table 
4.2. Th
Table 4.1: Reproducibility of pyrolysis of glycerol and steam gasification of crude 
Run# Gas H CO CH C H Volume of Calorific value 
From Table 4.1, it is observed that the standard deviations and the percentages of errors 
w
for the few runs of pyrolysis and steam gasification of gly
e overall material balance for all the experiments was mostly in the range of 90-
95 wt%. Sample calculations for mass balance and calorific value of the product gas are 
shown in the Appendix C. Also, experimental data for all the runs are given in Appendix 
D.  
 
glycerol.  
wt% 
2 
mol% Mol%
4
mol%
2 4
mol% gas (L/g) of gas (MJ/m )3
1 67.6 47.4 43.6 4.7 2.8 1.12 14.5
2 67.4 46.1 44.8 4.7 2.9 1.08 14.6
SD 0.14 0.9 0.8 0 0.1 0.0 0.1*
Error ±1.8 ±11.4 ±10.1 ±0 ±1.2 ±0 ±1.2
3 66.6 48.6 44.9 3.3 2 1.15 13.7
4 66.7 48.0 45.4 3.5 2.2 1.15 13.9
SD* 0.1 0.4 0.4 0.1 0.1 0 0.1
Error ±1.2 ±5.08 ±5.08 ±1.2 ±1.2 ±0 ±1.2
32 91.1 59.6 19.7 11.5 2.4 1.57 15.72
33 90.1 59.8 21.3 10.8 2.4 1.62 15.67
SD* 0.6 0.13 1.13 0.5 0 0.04 0.04
E ±1 ±rror ±7.6 .65 14.3 ±6.3 ±0 ±0.5 ±0.5
 
* Standard D n (  √(( -(∑X n x (n-1))) 
Error = S trib  t=1  at 9 onfid e and num f degrees of 
freedom = 1)
eviatio SD) = n∑X2 )2)/(
t x D; (dis ution 2.706 5% c enc ber o
. 
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sis and steam gasification of glycerol (N2 free basis) with an inert packing bed 
height of 70mm, 800oC (run time 30 min).
Feed Liquid 
Product 
Product gas Char ot
te
T
oun
al 
dAcc
Particle 
diameter  
(mm) 
N2 flow 
rate  
(mL/min) Glycerol
(g)
Water 
(g) (g) wt% (L/g) (g) wt% (g) wt% t
Quartz  
0.21-0.35 
50 
 
2.71 0 0.49 20.5 1.32 1.74 71.3 0.2 8.2 2.4 9.
(g)
4
w
8
%
0
Quartz 
 0.6-0.71 
50 2.76 0 0.62 24.6 1.22 1.73 67.5 0.2 7.9 2.5 2
Quartz  
3.0-4.0 
50 2.67 0 0.64 26.1 1.15 1.64 66.6 0.18 7.3 2.4 2.0
Sand 
0.21-0.35 
50 2.79 0 0.57 21.3 1.22 1.88 71.9 0.16 6.3 2.6 3
Sand 
0.6-0.71 
50 2.71 0 0.65 25.1 1.21 1.85 70.7 0.11 4.3 2.6 6
Sand 
1.0-1.15 
50 2.78 0 0.75 28. 1.12 1.82 68.1 0.11 3.9 2.6 6.6
Quartz 0.21-
0.35 
0 2.39 0.27 0.63 16.8 1.55 1.62 75 0.17 7.9 2.4 1
Quartz 
0.21-0.35 
0 2.00 0.67 0.81 8.2 1.65 1.45 84.8 0.12 7.0 2.3 89.3
Quartz 
0.21-0.35 
0 1.31 1.31 0 0 1.71 1.11 94 0.07 6.0 2. 95.0
SiC 
0.15 
0 2.68 0.03 0.41 17 1.23 1.83 75.2 0.19 7.8 2.4 90.9
SiC 
0.15 
0 2.03 0.68 0.24 14.3 1.33 1.32 78.5 0.12 7.2 2.3 86.8
SiC 
0.15 
0 1.33 1.33 0.05 4.2 1.43 1.00 89.5 0.07 6.2 2.4 92.3
9
9
9
9
9
9
4
6
1
1
8
2
8
5
3
6
5
 
Table 4.2: Material balances for the pyroly
.0
.7
.1
.4
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4.3 PY OLYSIS OF GLYCEROL 
4.3.1 s arrier gas flow rate 
 e ar g ow te r
shown in Figure 4.2. It is observed from the figure that with an increase in carrier gas 
flow  30m min to 70mL/min, gas production decreased from 72 to 65wt%, liquid 
yield increased from 1 o w  a h r ti e se o .5  to 
4.1wt%. This is possibly due to the distribution of the reactant as a droplet on the bed 
and the decrease in residence tim
incre . A ri a w e re ,  l d d a n one 
significant reaction, thereby increasing the gas yield.  
The e a  g lo t  p c s position from pyrolysis of 
glycerol is shown in Figure 4.3. There were no significant changes in the product gas 
com L a CO 
product  c g co de ly m l% t L in to 37.9m  
70mL/min and from 44.9mol% at 50mL/min to 51.2mol% at 70mL/min, respectively. 
Methane production was slightly increased from 3.3m l% to m
70mL/min. As the carrier gas flow rate increased, the reactant would have distributed 
uniforml id e lle o  O 4, 
C2H4 and coke as shown in the equation 2.2. An increase in methane and hydrocarbon 
prod s b s f e in i e e th ar  g flo rate 
incre . ation of syn gas remained almost constant at 93 mol% over the flow 
rates n - 
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glycerol at 800 C, bed height 70mm and glycerol flow rate 5.4 g/h. 
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Figure 4.3 Effect of carrier gas flow (N2) on product composition during pyrolysis 
of glycerol at 800oC, 70mm bed height and glycerol flow rate 5.4g/h. 
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The effects of carrier gas flow rate on volume of product gas and calorific value 
are shown in Figure 4.4. As expected, the volume of the product gas decreased from 
1.2L/g of glycerol fed to 1.09L/g of glycerol fed when the carrier gas flow rate increased 
from 30mL/min to 70mL/min. From the figure, it can be seen that calorific value of gas 
increased from 14.3MJ/m3 to 15.1MJ/m3 as the flow rate increased from 30mL/min to 
70mL/min. This increase in calorific value was due to increase in the yield of 
hydrocarbon production. For example, calorific value of methane (37MJ/m3) is much 
higher than the hydrogen (12MJ/m3) and carbon monoxide (11.7MJ/m3).   
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Figure 4.4 Effects of carrier gas flow (N2) on volume and calorific value of gas 
during the pyrolysis at 800oC, 70mm bed height and glycerol flow rate 5.4g/h. 
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Carrier gas flow rates did not have significant effect on the production of syn 
gas. Optimum carrier gas flow rate was chosen for the further studies based on the 
volume of product gas produced and char yield. Effects of carrier gas flow study showed 
that nitrogen flow rate of 50mL/min would be optimum because char yield was 7.3wt% 
when compared to 8.5wt% at 30mL/min of N2. Spray pattern was better for 50mL/min. 
Carrier gas flow rate of 70mL/min was not favourable for further studies because the 
volume of product gas (1.09L/g) obtained at this condition was less compared to that of 
1.17L/g at 50mL/min of carrier gas. Therefore, 50mL/min of nitrogen flow was chosen 
to study the effects of temperature. At this condition, 93mol% of syn gas was obtained 
with H2/CO of 1.05.  
 
  4.3.2 Effects of temperature 
The effect of temperature on product yield during pyrolysis of glycerol with a 
carrier gas flow of 50mL/min is shown in Figure 4.5. It is observed from Figure 4.5 that 
the gas yield increased from 27.5wt% at 650oC to 66.7wt% at 800oC. As expected, the 
amount of liquid product decreased from 68 to 26wt% as the temperature increased from 
650oC to 800oC. Char production was increased from 4.1 to 7.3wt% as the temperature 
increased from 650oC to 800oC. Increase in gas and char yield is due to the increase in 
thermal cracking of reactant as the temperature increased at the fixed carrier gas flow 
te. 
lycerol is given in Figure 4.6. It is observed that production of hydrogen increased 
mol% with an increase in temperature from 650oC to 800oC. There was a  
ra
The effect of temperature on gas product composition during pyrolysis of 
g
from 17 to 48.6
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Figure 4.5 Effect of temperature on product yield during the pyrolysis of glycerol 
 rate of 50mL/min, 70mm bed height and glycerol flow rate 
.4g/h. 
at a carrier gas flow
5
 
0
20
40
80
du
ct
 g
as
 c
om
po
si
on
 (m
%
)
60
100
650 700 750 800
Pr
o
ti
ol
Hydrogen
Carbon
monoxide
Carbon
dioxide
Methane
Ethylene
Synthesis
Gas
Temperaure (oC)
Figure 4.6 Effect of temperature on product composition during pyrolysis of 
glycerol at carrier gas flow rate 50mL/min, 70mm bed height and glycerol flow rate 
of 5.4 g/h. 
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sudden increase in hydrogen production from 27.7mol% at 750oC to 48.6mol% at 
800oC. Also, the production of carbon monoxide decreased from 54mol% to 
44.9mol%as the temperature increased from 650oC to 800oC. However, methane and 
ethylene production were almost constant at the range of 650oC - 750oC. But at 800oC, 
there was a sudden decrease of methane and ethylene concentration from 14 to 3.5 
mol% and from 10 to 2mol%, respectively. 
The pyrolysis of glycerol would have undergone the parallel reaction (equation 
2.2) to give H2, CO, CH4, C2H4, coke and liquid product as proposed by Wang et al. 
(1996). As the temperature was increased from 650oC to 750oC, the yield of hydrogen 
perature increased from 650oC to 750oC. This is evident from 
Figure 4.5 that gas yield increased when the temperature increased. At 800oC, the 
sudden increase in hydrogen concentration may be due to aromatization of hydrocarbon 
(see equation 4.1) or decomposition of methane and ethylene to coke and hydrogen (see 
equation 4.2, Goswami 1999, Bradford 1999, Steinberg 1999 and Ferdous 2000).   
6CH4 ↔   C6H6 + 9H2                                                               (4.1) 
CxHy ↔ (y/2) H2 + xC(s)                         (4.2) 
From Figures 4.5 and 4.6, it can be seen that there was an increase in char and 
hydrogen production at 800oC, respectively. Therefore, it is proposed that methane and 
ethylene have undergone cracking at a higher temperature (800oC) to produce hydrogen 
only increased with temperature and those of all other compounds decreased. Liquid 
product would have undergone cracking to give more hydrogen and lower liquid 
hydrocarbon as the tem
and char as explained in the equation 4.2. Syn gas (H2+ CO) production increased 
slowly from 70mol% at 650oC to 74mol% at 750oC. There was a sudden increase in 
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production of syn gas to 93mol% at 800oC. This is due to the thermal cracking of 
hydrocarbons to hydrogen.  
The effect of temperature on volume and calorific value of gas produced is 
shown in Figure 4.7. As expected, there was an increase in volume of gas from 0.4L/g of 
glycerol to 1.17L/g of glycerol with the rise in temperature from 650oC to 800oC. It is 
observed from the figure that the calorific value of product gas was decreased slightly 
from 21.35MJ/m3 at 650oC to 20.56MJ/m3 at 750oC. There was sudden decrease in 
calorific value to 13.77MJ/m3 at 800oC. This sudden decrease in calorific value of the 
product gas is due to the decrease in hydrocarbon concentration, as the hydrocarbons 
have higher heating values.  
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Figure 4.7 Effects of temperature on volume and calorific value of gas during 
pyrolysis of glycerol at carrier gas flow rate 50mL/min, 70mm bed height, quartz 
particle of diameter 3-4mm and glycerol flow rate 5.4g/h. 
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In summary, syn gas production increased from 70mol% at 650oC to 93mol% at 
800oC. Also, the volume of the product gas increased from 0.4L/g to 1.17L/g. Therefore, 
effects 
licon carbide and sand). Cortright et al. (2002) suggested 
that undesirable liquid phase reactions can be avoided by minimizing the void volume of 
the reactor. Therefore, changes in particle diameter of the bed packing may alter the 
product yield and product gas composition because of the influence of particle diameter 
in the porosity and permeability of the bed packing. The porosity of the reactor is the 
ratio of void volume of the bed to the total volume of the bed. Sometimes porosity of the 
bed is represented in percentage. The porosity measurements and percentage of porosity 
of the packing bed with different materials are shown in Appendix B2. Reduction in the 
particle diameter of the packing offers resistance to the flow of the reactant. It is 
generally defined as permeability. Permeability of the packed bed for the different 
particle diameter of the packing materials is given in Appendix B3.  Also, changing the 
packing material may have an effect on the product yield because of differences in 
of temperature studies indicated that 800oC would be the optimum temperature 
for hydrogen or syn gas production (H2/CO of 1.05). This operating temperature was 
used to study the role of particle diameter of the packing material in the pyrolysis of 
glycerol process.   
 
4.3.3 Effects of particle diameter of the packing material  
Pyrolysis of glycerol was carried out with different particle diameter of the 
packing materials (quartz, si
thermal conductivity of the materials. The thermal conductivity of the packing materials 
at 800oC were: quartz, 5W/mK (Yoon et al., 2004); silicon carbide, 25W/mK; and sand, 
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1.7W/m
 Figure 4.8.  It is observed from Figure 4.8 that when the particle 
iameter was reduced from 3-4mm to 0.21-0.35mm, product gas yield increased from 
 26wt% to 20wt%. 
In add
K (Shackelford et al., 1994).  Pyrolysis experiments were carried out to study 
the effects of particle diameter of material at 800oC with 50mL/min of nitrogen.  
 
4.3.3.1 Effects of diameter of quartz  particle 
The effect of particle diameter of quartz on product yield during the pyrolysis 
process is shown in
d
66.6wt% to 71wt%. Liquid product yield concurrently decreased from
ition, char production increased from 7.3 to 8.1wt% as the particle diameter 
decreased. This is due to the porosity of reactor bed which decreased from 75% to 44%  
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Figure 4.8 Effect of particle diameter of quartz particles on the product yield for 
glycerol pyrolysis at 800oC, 70mm bed height, 50mL/min of N2 flow and glycerol 
flow rate of 5.4 g/h. 
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and permeability (resistance to the reactant flow and uniform distribution of reactant) of 
the packed decreased from 4.6 x 10-3 to 8.5 x 10-7cm2 when the particle diameter 
ecreased from 3-4mm to 0.21-0.35mm. An increase gas yield is also due to the increase 
rticle diameter of the packing material 
decreas
 
44.9 to 36.9mol% as the particle diameter decreased. This is probably due to the 
formation of water during the pyrolysis process could have undergone water-gas shift  
reaction that resulted decrease in carbon monoxide production as shown in the equation 
4.3 (Demirbas, 2002).  
CO + H2O ↔ H2 + CO2                                                                       (4.3) 
Furthermore, decrease in particle diameter increased the contact points between particle 
and reactant. Decrease in the particle diameter of the packing material increased the 
residence time thereby increased the production of hydrogen and char. The reduction in 
particle diameter does not have a significant effect on syn gas production (~93mol%).  
The effects of particle diameter of the quartz on the volume and calorific value 
rom 1.15L to 1.32L per gram of glycerol fed when the particle 
diameter reduced. This is due to the decrease in porosity and permeability of the reactor  
d
in residence time of the reactant as the pa
ed. Decrease in particle diameter made the reactant to crack down to gaseous and 
char product completely.     
The effect of particle diameter of quartz on the composition of product gas was 
studied and shown Figure 4.9. It is observed from Figure 4.9 that the hydrogen 
production increased from 48.6 to 55.4mol% as the particle diameter decreased from 3-
4mm to 0.21-0.35mm. On the other hand, carbon monoxide production decreased from
of gas produced were also studied and shown in Figure 4.10. The volume of gas 
roduced increased fp
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Figure 4.9 Effect of particle diameter of quartz particles on the product gas 
composition for glycerol pyrolysis at 800 C, 70mm bed height, 50mL/min of No 2 
flow and glycerol flow rate of 5.4 g/h. 
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calorific value of gas for glycerol pyrolysis at 800 C, 70mm bed height, 50mL/min 
of N2 flow and glycerol flow rate of 5.4 g/h. 
Figure 4.10 Effects of particle diameter of quartz particles on the volume and 
o
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bed as the particle diameter of the packing material decreased. It is observed that the 
particle diameter of quartz does not have a significant effect on calorific value of 
product gas because there was not a significant change in the production of 
hydrocarbons. 
 
4.3.3.2 Effects of diameter of silicon carbide particle 
The effect of particle diameter of silicon carbide on yields of gas, liquid and char 
is shown in Figure 4.11. It is observed from the Figure 4.11 that when the particle 
diameter was reduced from 1mm to 0.15mm, product gas yield increased from 73wt% to 
77wt% whereas liquid product yield decreased from 23wt% to 16wt%. On the other 
porosity of the reactor bed from 65% to 49% as the particle diameter decreased from 
1mm to 0.15mm. Higher the thermal conductivity (25W/mK) of silicon carbide particle, 
higher the heat transfer rate. Also, decrease in particle diameter of the packing material 
increased the residence time of the reactant. 
 The effect of particle diameter of silicon carbide on the composition of product 
gas was studied and shown in Figure 4.12. It is observed from the Figure 4.12 that syn 
gas production increased from 80 to 93mol% as the packing material diameter decreased 
from 1mm to 0.15mm. It can also be seen that with the decrease in particle diameter 
from 1mm to 0.15mm, hydrogen and carbon monoxide production increased from 39 to 
49.7mol% and from 40.2 to 44mol%, respectively. On the other hand, hydrocarbon 
hand, char production increased from 3.6wt% to 6.3wt% as the particle diameter 
decreased. More liquid was converted to gaseous compound and char due to decrease in 
production decreased as the particle diameter decreased. Hydrogen production increased  
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Figure 4.11 Effect of particle diameter of silicon carbide on product yield during 
o
and glycerol flow rate 5.4 g/h. 
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Figure 4.12 Effect of particle diameter of silicon carbide on product composition 
during pyrolysis of glycerol at 800oC, 70mm bed height, at carrier gas flow rate 
50mL/min and glycerol flow rate 5.4 g/h. 
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due to the thermal cracking of hydrocarbon as the particle diameter decreased (see  
equation 4.2). It is evident from the Figure 4.10 that thermal cracking of hydrocarbon 
increased the char yield as the particle diameter decreased. Also, steam reforming 
reaction of hydrocarbon could have increased the hydrogen and carbon monoxide 
production as shown in the equation 4.4 (Moenne et al., 1995, Specht et al., 2000 and 
Cipriani et al., 1998). This steam reforming reaction could be possible because water 
was one the products in the liquid. 
CH4 + H2O ↔ 3H2 + CO        (4.4) 
The effects of particle diameter on the volume of gas produced and calorific 
value are presented in Figure 4.13. The volume of gas increased from 1.17L/g to 
om 65 to 49% and permeability from 1.2 x 10  to 5.7 x 
10-7 cm2 of the packed bed as the particle diameter decreased. Decrease in permeability 
would allow the reactant to distribute uniformly and also increase the residence time. 
The calorific value also decreased from 18.46MJ/m3 to 13MJ/m3 as the particle diameter 
decreased from 1mm to 0.15mm. This is due to a decrease in the production of 
hydrocarbon as the particle diameter decreased.  
 
4.3.3.3 Effects of diameter of sand particle 
The effect of particle diameter of sand on product yield during pyrolysis reaction 
is shown in Figure 4.14. From Figure 4.14, it is observed that when the particle diameter 
1.27L/g of feed when the particle diameter reduced from 1 to 0.15mm. This is probably 
due to the decrease in porosity fr -4
was reduced from 1-1.15mm to 0.21-0.35mm, product gas yield increased from
to 72 wt% whereas liquid product yield decreased from 28wt% to 22wt%. On the other  
 68 wt% 
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Figure 4.13 Effects of particle diameter of silicon carbide on volume and calorific 
value of gas during pyrolysis of glycerol at 800 C, 70mm bed height, at carrier gas 
flow rate 50mL/min and glycerol flow rate 5.4 g/h. 
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Figure 4.14 Effect of particle diameter of sand on the product yield of glycerol 
pyrolysis at 800 C, 70mm bed height, 50mL/min of No  2 flow and glycerol flow rate
of 5.4 g/h. 
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hand, char production increased from 3.9wt% to 6.3wt% as the particles decreased. 
Increase in gas and char yield is due to the decrease in the porosity of the reactor bed 
from 55% to 35% and increase esidence time of the reactant as the particle 
diameter decreased from 1-1.15 to 0.20-0.35mm. A decrease in porosity and 
permeability of the reactor bed would allow the reactant to distribute uniformly inside 
the bed. 
Figure 4.15 shows that the hydrogen production increased from 40mol% to 
46.7mol% as the particle diameter decreased from 1-1.15mm to 0.21-0.35mm. In 
addition, the reduction in particle diameter does not have any effect on production of 
carbon monoxide. It is observed from the figure that syn gas production increased from  
 in the r
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Figure 4.15 Effect of particle diameter of sand on the product gas composition for 
glycerol pyrolysis at 800oC, 70mm bed height, 50mL/min of N2 flow and glycerol 
flow rate of 5.4 g/h. 
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82 to 89mol% as the particle diameter decreased. Also, hydrocarbon production 
decreased when the particle diameter of sand decreased. Hydrocarbons such as methane 
and ethylene had undergone cracking to give more hydrogen and char when the particle 
diameter was reduced as shown in the equation 4.2. It is evident from Figure 4.14 that 
the char yield is increasing as the particle diameter of sand decreased. 
Figure 4.16 shows the effect of particle diameter of sand on the volume and 
calorifi
product gas increased from 15.1MJ/m3 to 17.2MJ/m3 when the particle diameter 
increased from 0.21-0.35mm to 1-1.15mm. This decrease in calorific value is due to the 
decrease in the production of hydrocarbon as the particle diameter of sand decreased. 
The effects of particle diameter of different packing material showed that 
porosity, permeability and thermal conductivity of the packing material had a significant 
effect on product yield, product gas composition and volume of product gas produced. It 
is possible to maximise the volume of product gas and syn gas production if the lowest 
particle diameter of all the packing material was used in the pyrolysis studies. When a 
quartz particle diameter of 0.21-0.35mm was used, the volume of gas produced was 
much higher when compared to the volume of gas produced with the lowest particle 
better porosity (44%) and thermal conductivity (5W/mK) of the 
quartz bed when compared with the other packing materials. Effects of quartz with 0.21-
c value of produced gas. The volume of gas produced increased from 1.12L to 
1.22L per gram of glycerol fed when the particle diameter reduced from 1-1.15mm to 
0.21-0.35mm. This is due to the decrease in the porosity of the reactor bed as the particle 
diameter decreased and thermal conductivity of 1.7 W/mK. Calorific value of the 
diameter of the other packing materials (see Figure 4.10, 4.13 and 4.16). This is 
probably due to the 
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0.35mm and silicon carbide with 0.15mm particle diameter on syn gas production 
(~93mol%) are quite comparable. Therefore, it was decided to use the lowest particle 
diameter of quartz and silicon carbide to maximise the volume of the product gas and 
syn gas production in the steam gasification of glycerol process. 
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Figure 4.16 Effects of particle diameter of sand on volume and calorific value of 
gas for glycerol pyrolysis at 800oC, 70mm bed height, 50mL/min of N2 flow and 
glycerol flow rate of 5.4 g/h.  
   
4.4 STEAM GASIFICATION OF GLYCEROL 
 Steam gasification of glycerol was carried out with the different packing 
materials (quartz and silicon carbide) and over different steam to glycerol weight ratios 
of 10:90 25:75 and 50:50 at 800oC. No carrier gas was used in the steam gasification 
studies.  
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4.4.1 Effects of steam using quartz as a packing material 
 Steam gasification of glycerol was carried out with quartz particle diameter of 
0.21-0.35mm to study the effects of steam on product yield (see Figure 4.17).  It is 
observed from Figure 4.17 that gas yield increased from 71.3 wt% to 94wt% when the 
weight ratio of steam to glycerol increased from 0:100 to 50:50. The liquid yield 
decreased from 20.5wt% to 0wt% as the steam to glycerol ratio increased. Glycerol was 
completely gasified when 50:50 weight of ratio of steam to glycerol was used. Liquid 
product yield was calculated on the basis that the steam, formed during the reaction, was 
completely gasified. Also, char production decreased from 8.2wt% to 6wt% as the steam 
to glycerol weight ratio increased.  Probably, the addition of water to the glycerol could 
have enhanced the gasification process by distributing the reactant uniformly through 
out the reactor bed.   
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igure 4.17 Effect of steam on the product yield of glycerol gasification using 
uartz of diameter 0.21-0.35mm as a packing material at 800oC, 70mm bed height 
and glycerol flow rate of 5.4 g/h. 
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The effect of addition of steam to glycerol on product gas composition was 
studied and shown in Figure 4.18. Figure 4.18 shows that there was increase in 
hydrogen production from 55.4mol% to 64 mol% when the steam to glycerol ratio 
changed from 0:100 to 25:75. Probably, the addition of steam improved the distribution 
of reactant through out the bed and also enhanced the cracking of glycerol.  Then, there 
was a slight decrease in the hydrogen production to 58 mol% when the steam to glycerol 
weight ratio increased to 50:50. This is probably due to a decrease in residence time 
from 3s to 1.7s when the steam to glycerol ratio increased from 25:75 to 50:50. It is 
evident from Figure 4.18 that methane and ethylene increased from 3.5 to 4.8mol% and 
0.47 to 1.3mol%, respectively. It is observed from Figure 4.18 that hydrogen selectivity 
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Figure 4.18 Effect of steam on the product gas composition of glycerol gasification 
sing quartz of diameter 0.21-0.35mm as a packing material at 800oC, 70mm bed 
l flow rate of 5.4 g/h.  
u
height and glycero
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increas
 
increased the production of carbon dioxide as reported by Demirbas (2002). It is evident 
from Figure 4.17 that char production decreased as the steam to glycerol ratio increased. 
Addition of steam did not have any significant effect on syn gas production (~92mol%) 
and hydrocarbon production.  However, the addition of steam, increased H2/CO from 
1.5 (absence of steam) to 2.1 (steam to glycerol ratio weight of 25:75).   
Figure 4.19 shows the effects of steam on the volume and calorific value of 
product gas. The volume of gas produced increased from 1.32L to 1.71 L per gram of 
glycerol fed when the steam to glycerol weight ratio increased from 0:100 to 50:50. The 
increase in volume of gas produced was due to the addition of steam that improved the 
uniform distribution of the reactant on the reactor bed. The calorific value of the product 
 
ed by 10mol% at 25:75 weight ratio of steam to glycerol when compared with the 
pyrolysis of glycerol at 800oC, 50mL/min and 0.21-0.35mm of particle diameter of 
quartz. Carbon monoxide production decreased from 36 to 30mol% when the steam to 
glycerol ratio increased from 0:100 to 10:90. This is probably due to the water gas shift 
reaction when carbon monoxide reacts with steam which is formed during the reaction 
to give hydrogen and carbon dioxide as shown in the equation 4.3. There was not a 
significant change in the production of carbon monoxide when the steam to glycerol 
ratio was increased from 10:90 to 50:50. It is observed from Figure 4.18 that there was 
an increase in the production of carbon dioxide from 1.9 to 4mol% when the steam to 
glycerol weight ratio increased. It is also possible that gasification of char would have
gas did not change significantly because the production of hydrocarbon did not change 
much.  
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Figure 4.19 Effects of steam on the volume and calorific value of gas during 
800oC, 70mm bed height and glycerol flow rate of 5.4 g/h. 
be possible that the addition of steam might increase the uniformity of the 
glycerol gasification using quartz of diameter 0.21-0.35mm as a packing material at 
 
4.4.2 Effects of steam using silicon carbide as a packing material 
The effect of steam gasification of glycerol using silicon carbide of diameter 
0.15mm as a packing material was studied on product yield (see Figure 4.20). It is 
observed from Figure 4.20 that when the steam to glycerol weight ratio was increased 
from 0:100 to 50:50, product gas yield increased from 77.6wt% to 89.5wt% whereas 
liquid product yield decreased from 16wt% to 4.2wt%. This is probably due to the 
addition of steam to glycerol which could have enhanced the steam gasification process. 
It may 
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distribution of reactant inside the bed.  The addition of steam to glycerol does not have 
any significant effect on char production. 
0
20
40
60
80
100
0:100 10:90 25:75 50:50
Steam to Glycerol ratio (wt%)
Pr
od
uc
t y
ie
ld
 (w
t%
)
Gas
Liquid
Char
 
Figure 4.20 Effect of steam on the product yield of glycerol gasification using 
silicon carbide of diameter 0.15mm as a packing material at 800oC, 70mm bed 
height and glycerol flow rate of 5.4 g/h. 
 
 
The effect of steam on the composition of product gas obtained from steam 
gasifica
steam to glycerol. This decrease in hydrogen production is probably due to a decrease in 
tion process was studied and shown in Figure 4.21. It is observed from Figure 
4.21 that the hydrogen production increased from 49.7 to 57.8mol% and carbon 
monoxide production decreased from 38 to 33mol% when the steam to glycerol weight 
ratio increased from 0:100 to 25:75. The addition of steam enhanced the uniform 
distribution of reactant in the bed and thermal cracking process lead to an increase in 
hydrogen production. Furthermore, there was decrease in hydrogen production to 54 
mol% and increase in carbon monoxide production to 37.5mol% at 50:50 weight ratio of 
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residence time from 3s to 1.7s.  A similar trend was also observed during the studies on 
the effect of steam gasification of glycerol using quartz chips as a packing material. It is 
observed from figure that the addition of steam does not have any effect on syn gas 
(~92mol%). Methane and ethylene production increased from 3.2 to 6.6mol% and 1.3 to 
3.2mol%, respectively as the steam to glycerol weight ratio increased from 0:100 to 
10:90. Then, hydrocarbon production decreased as the steam to glycerol weight ratio 
increased from 10:90 to 50:50. This is probably due to the steam reforming reaction of 
hydrocarbons as shown in the equation 4.4.  
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Figure 4.21 Effect of steam on the product gas composition of glycerol gasification 
bed height and glycerol flow rate of 5.4 g/h. 
 
 
The effect of steam gasification of glycerol on the volume and calorific value of 
using silicon carbide of diameter 0.15mm as a packing material at 800oC, 70mm 
the gas produced is shown in Figure 4.22. It is observed from Figure 4.22 that the 
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volume of the gas produced decreased from 1.27L/g to 1.23L/g of glycerol when the 
steam to glycerol ratio increased from 0:100 to 10:90. This decrease in volume may be 
due to the experimental error. When the steam to glycerol weight ratio increased from 
10:90 to 50:50, the volume of the product gas increased from 1.23L/g to 1.43L/g of 
glycerol. Probably, the addition of steam could have enhanced the thermal cracking 
process to produce more volume of gas.  Calorific value of the product gas increased 
from 13.5 to 15.4MJ/m3 as the steam to glycerol ratio increased from 0:100 to 10:90. 
This is due to the increase in hydrocarbon production (see Figure 4.21). When the steam 
 glycerol weight ratio increased from 10:90 to 50:50, calorific value of the product gas 
decreased from 15.4 to 14.3MJ/m3.  
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Figure 4.22 Effects of steam on the volume and calorific value of gas during 
glycerol gasification using silicon carbide of diameter 0.15mm as a packing 
material at 800oC, 70mm bed height and glycerol flow rate of 5.4 g/h. 
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The effects steam gasification of glycerol using different packing material 
studies shows that the addition of steam to glycerol and porosity of the packing bed had 
significant effects on product yield, volume of product gas produced and its 
composition. It is possible to produce 94wt% of product gas using quartz diameter 0.21-
0.35mm as a packing material which is higher than 89wt% of product obtained using 
silicon carbide of diameter 0.15mm for steam to glycerol ratio 50:50. This is probably 
due to the porosity of the reactor bed. Porosity of the reactor bed using quartz was 44% 
whereas silicon carbide packing bed had 49%. Glycerol was completely gasified to gas 
and char, when the steam to glycerol weight ratio 50:50 was used for quartz packing 
whereas for the silicon carbide packing, the liquid yield was 4.2wt%. Steam gasification 
of glycerol using different packing material does not have a significant effect on the syn 
gas production (~92mol%).  However, volume of the gas produced using quartz 
particles (1.71L/g) was more than volume of gas (1.43L/g) using silicon carbide packing 
for the steam to glycerol ratio of 50:50. In summary, using quartz particles as a packing 
material increased the volume of the product gas and its yield. Therefore, it was 
proposed to use the quartz particles as a packing material to study the steam gasification 
of synthetic mixture and crude glycerol.  
 
4.5 GASIFICATION OF CRUDE GLYCEROL 
Steam gasification of crude glycerol, produced during the transesterification of 
ffects of each compounds present in the crude glycerol on product yield, gas product 
composition and volume of gas produced. Crude glycerol was analysed in the analytical 
vegetable oil, was carried out in this work. The intent of this work was to study the 
e
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laborat
as. Liquid product was about 16.6wt%. From 
able 4.3, it is observed that addition of steam to glycerol and methanol mixture 
0wt% of steam to 90.92wt% at 10wt% 
of ste
ories of the Saskatchewan Research Council. It was found that crude glycerol had 
60wt% of glycerol, 31wt% of methanol, 7.5wt% of water and 1.5wt% of potassium 
hydroxide. Synthetic mixtures of glycerol were prepared based on the reported 
composition of crude glycerol to compare the effect of steam gasification of synthetic 
mixtures of glycerol with crude glycerol on product yield, gas composition and volume 
of gas.  
 
4.5.1 Studies on synthetic mixtures of glycerol 
 Gasification experiments were carried out by preparing synthetic mixtures of 
glycerol, similar to the crude glycerol, at 800oC, with the packing having quartz particles 
diameter of 0.21-0.35mm. No carrier gas was used in this study. Various mixtures of 
glycerol, water, methanol and potassium hydroxide were used for the studies (see Table 
4.3). Pure methanol was completely gasified to produce gaseous products and char. 
Gasification of methanol produced 97mol% of syn gas and 65.7mol% of H2. The 
volume of gas collected was 2.4L/g of methanol fed.   
Gasification of the mixture (glycerol - 65wt% and methanol - 35wt%) produced 
80.8wt% of gas and 91.1mol% of syn g
T
increased the production of gas from 80.8wt% at 
am, thereby decreasing the production of liquid from 16.51 wt% to 6.56 wt%. 
However, the addition of steam does not have a significant effect on the hydrogen, 
carbon monoxide and syn gas production. Hydrogen and carbon monoxide production 
was in the range of 57 to 54.4mol% and 34.1 to 34.6mol%, respectively. The syn gas 
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addition of steam to the mixture of glycerol and methanol had a significant effect on the 
product yield. Also, the addition of steam  volume of gas produced from 
1.63L/g to 1.66L/g of mixture of glycerol and methanol.  
ixture (glycerol, water, methanol and KOH) produced 
88wt% of product gas, 52mol%  onoxide. 
Probably, the addition of potassiu y x xture of glycerol, methanol and 
water could have decreased the hydrogen a c o onoxide production. Therefore, 
syn gas production decreased fr  89 mol% to 81 mol% and H2/CO was ~1.75. The 
production of char and liquid did not have a significant effect for the addition of 
potassium hydroxide to the mix .  
1.66L/g of m ium hydroxide is added to the 
mixture.  With the addition of water, m anol and KOH to the glycerol did not have a 
significant effect on the duction of hydrocarbons. Therefore, the calorific value of 
product gas ranged between 13.1 and 13.7MJ/m
 am gasification of synthetic
is a s  potentia t e gly
as hydrogen or syn gas by optimizing the process parameters such as temperature, 
amount of steam and particle diameter e . 
 
4.5.2 Steam gasification of crude glycero
 tudy t ffects of steam gasification of crude glycerol at 800oC with 
packing of quartz particle of diam  was added to crude glycerol 
Gasification of the m
From
trong
To s
 of hydrogen and 29.8mol% of carbon m
m h dro ide to the mi
nd arb n m
om
ture  The volume of gas produced decreased from
ixture to 1.48L/g of mixture when potass
eth
 pro
3. 
the ste  mixture study, it was observed that there 
l tha crud cerol can be converted into value added products such 
 of r actor packing
l  
he e
eter 0.21-0.35mm, steam
ol%. From this study, it is observed that the 
 increased the
in the weight ratio of 25:75 and 50:50. The gasification of crude glycerol (as obtained) 
was also carried out without adding excess water i.e., 92.5 wt% crude glycerol and 
7.5wt% water. Material balance and composition of the product gas of the steam 
gasification of crude glycerol experiments are presented in Table 4.4.  
increase in volume was due to the 
increas
60 wt% glycerol; 31 wt%; 
ethanol; 1.05 wt% KOH and 7.5 wt% water) processes. There was, however, a 
 steam gasification of crude glycerol when 
ompar
From Table 4.4, it is observed that the production of product gas from 
gasification of glycerol increased from 78 to 91.1wt% when steam was increased from 
7.5 to 50wt% in the crude glycerol. There was no liquid product obtained when crude 
glycerol was gasified at the steam to crude glycerol weight ratio of 50:50. Furthermore, 
the addition of steam had significant effect on the product gas composition. Hydrogen 
selectivity increased from 52 to 59mol% when the steam to crude glycerol weight ratio 
increased from 7.5:92.5 to 50:50. On the other hand, production of carbon monoxide 
decreased from 31 mol% to 19.7 mol% due to water gas shift reaction. Syn gas 
production decreased from 83 mol% to 79 mol% when steam was added to the glycerol. 
From Table 4.4, it is observed that the volume of the product gas increased from 
1.33L/g to 1.57L/g of crude glycerol fed. This 
e in steam to glycerol weight ratio. And the crude glycerol was completely 
gasified to gaseous product when the steam to glycerol weight ratio was 50:50 wt%. 
There was no significant change in the composition of product gas during the steam 
gasification of synthetic mixture and crude glycerol (
m
significant change in the product yield in the
c ed to steam gasification of synthetic mixture. The gaseous product yield 
decreased from 88wt% to 78wt% and thereby increasing the liquid product yield from
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pared with steam gasification of a synthetic mixture of 
e of gas produced in steam gasification of a synthetic mixture was 
ore than the volume of gas produced in steam 
gasification of crude glycerol (1 ixture of glycerol and methanol in crude).  
 
4.6 LIQUID PRODUCT ANALYSIS 
e, acetone, methanol, ethanol, water and acetic acid were the major 
liquid products obtained dur erol carried out over the 
temperatures 650oC, 750  Table 4.5). Acrolein and unreacted glycerol 
were also found in the liquid product for the pyrolysis runs at 650oC and 750oC. 
Acetaldehyde, methanol and acrolein could have formed by the radical mechanism as 
reported by Buhler et al. (2002) and Antal et al. (1985).  Reaction pathways for the 
forma  o etaldehyde and acrolein were shown in equations 2.3 and 2.4, 
respectively.  It is observed from the water was one of the liquid products in 
the p sis of glycerol t  the liquid product was analyzed using Karl-
Fischer titrator. Amount of water produced during the pyrolysis reaction increased from 
38 wt% at 650 ent with the Buhler et al. (2002) and 
Antal et al. (1985) findings.   
 the steam gasification of glycerol process with the weight 
ratio of steam to glycerol of 10:90 and 50:50 were analyzed and presented in Table 4.5. 
Amount of water in the liquid product during steam gasification of glycerol was in the 
range of 98 9. o ce amount of methanol and acetic acid was 
produced during the steam gasification reactions. 
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 4.7 NET ENERGY RECOVERY 
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The energy balance calculations for pyrolys  gasification of glycerol 
are shown in Appendix E1 and E2 respec ly. The assumption made in calculating 
energ l t one mole of glycerol would be converted into 4 moles of 
hydrogen and 3 m onoxide at 800 in of nitrogen flow and 
70mm e meter 0.21mm-0.35mm. Energy 
supplied to crack one mole of glycerol dur
Appendix E). One m le of hydrogen will have the heating value of 282.4 kJ. If 
hydro  selectivity for this reaction is 100%, then output heat energy will be 1129.6 kJ. 
The net heat energy recovered will be 582.22 kJ/mol of glycerol fed.  
o duction ring the pyroly ction at 800oC, 50 mL/min of 
nitrog low and 70mm of packing bed ght uartz particle of diameter 0.21mm-
0.35mm oles/m
produced hydrogen during pyrol a 8
was 111.18 kJ/mol of gly ol fed. the breakeven value of energy, the minimum 
hydrogen yield should be 1.94 moles of hydrogen/mol of glycerol fed.  
 glycerol and 5.2 mol of water in steam 
(50:5 lycerol t 800oC and 70mm of 
packing bed height of quartz particle  was 910.2 kJ. The 
hydrogen produced during steam gasification oles/mole of 
glycero  the heating v of the produced hydrogen during this reaction 
was 1027.35 kJ. The net energy recovered was 117.19 kJ/mol of glycerol fed.  
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tive
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5. CONCLUSIONS AND RECOMMENDATIONS 
  
In this chapter, conclusions derived from the pyrolysis and steam gasification of 
pure and crude glycerol processes are reported. Also, recommendations for the further 
studies in converting glycerol into value-added chemicals are reported in this chapter.  
 
5.1 CONCLUSIONS 
1 The optimum conditions to produce maximum gas yield (71wt%), volume of gas 
(1.32L/g of glycerol), syn gas composition (93mol%) and minimum amount of 
char (8.1wt%) and liquid (21.9wt%) in pyrolysis of glycerol process were at 
800oC, 50mL/min of nitrogen and quartz packing with the particle diameter 
0.21-0.35mm.  
2 Glycerol was completely converted to gas which was mostly syn gas of 93mol% 
(mole ratio of H /CO is 2) and a small amount of char when 50:50 weight ratio 
of steam to glycerol was used with the quartz packing of particle diameter of 
0.21-0.35mm at 800oC. The addition of steam enhanced the gasification of 
glycerol process to produce large volume of gas and hydrogen yield.  
3 The crude glycerol was completely gasified into gaseous product when the steam 
to crude glycerol weight ratio of 50:50 was used at 800oC with quartz packing 
having particle diameter of 0.21-0.35mm. The gas product yield and synthesis 
gas production was 91.1wt% and 79mol% respectively. There was no significant 
2
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change in the product gas composition for the steam gasification synthetic 
mixture and crude glycerol. 
4 Net energy recovered from pyrolysis and steam gasification processes were 
111.7 kJ/mole of glycerol fed and 117 kJ/ mole of glycerol, respectively.  Thus, 
the present study shows that there is a strong potential for making syn gas, 
methane, ethylene, and high-heating value gas from the pyrolysis of glycerol.   
5 Overall conclusion from this research is that a waste by-product glycerol from 
biodiesel production can be completed converted to gaseous products such as 
hydrogen or syn gas and medium heating value gas in the range of 21MJ/m3- 
13.9 MJ/m . 
 
5.2 RECOMMENDATIONS 
1 Steam gasification of glycerol using nickel supported on alumina would be the 
ideal catalyst for producing hydrogen rich synthesis gas.  
2 Thermal cracking of glycerol using HZSM-5, Y-zeolite and 
3
γ -alumina catalysts 
should be performed to get other value added products such as acrolein, 1,3- 
propanediol and methanol etc., 
3 Char yield can be reduced by using fluidized bed reactor. Fluidized bed reactor 
would help in uniform heat transfer and increases the gas yield.  
4 Cost estimation and feasibility study of the present work should be carried out.  
5 Steam gasification of crude glycerol can be performed after distilling methanol 
from the crude because methanol can be reused for the transesterification 
process.   
 64
6. REFERENCES 
 
Antal, 
from biomass”, Journal of Analytical and Applied Pyrolysis 8, 291-303 (1985).  
 
Boocock, D.G.B., S.K. Konar, V.Mao and H. Sidi, “Fast one-phase Oil-rich Process for 
th
(1996).    
 
Bradford, M C J. and M A Vannice., “CO  Reforming of CH ”, Catal. Rev. –Sci. Eng. 
41(1)
 
Buhler , H.J. Ederer, A. Kruse and C. Mas, “Ionic reactions and pyrolysis 
of glycerol as competing reaction pathways in near- and supercritical water” The 
Journal of Supercritical Fluids 22, 37-53 (2002).  
 
khshi, “Steam gasification of chars and bio-oil”, Report to 
Bioenergy Development Program Renewable Energy Branch, Energy, Mines and 
R
  
Chaudh Steam gasification of 
biomass-derived char for the production of carbon monoxide - rich synthesis gas”, 
E g
 
Chorne
929 (2002). 
 
Cipriani, P., D.P. Filippis and F. Pochetti, “Solid Waste Gasification: Energy Recovery 
from 
 
Claude nts in France”, 
Lipid 101, 101-104 (1999). 
 
Cortright, R.D, R.R. Davda, and J.A. Dumesic, “Hydrogen from catalytic reforming of 
biom
 
Cutler,
Pyrolysis of 1,3-Dioxolane in Steam”, Journal of Analytical and Applied Pyrolysis 12, 
223-242 (1987).  
 
M.J., W.S.L. Mok, J.C. Roy and A.T. Raissi, “Pyrolytic sources of hydrocarbons 
e preparation of Vegetable Oil Methyl Esters”, Biomass and Bioenergy 11, 43-50 
2 4
, 1-42 (1999). 
, W, E. Dinjus
Chaudhari, S. T. and N. N. Ba
esources Canada, Ottawa, Canada, February pp 396-436 (2002). 
ari, S.T., S.K. Bej, N.N. Bakhshi and A.K. Dalai., “
ner y and Fuels 15, 736-742 (2001).   
t, E., and S. Czernik, “Renewable fuels: Harnessing hydrogen”, Nature 418, 928-
Polythylene Biomass Mixtures”, J. Solid Waste Tech. Mang. 25, 77-81 (1998). 
, S., “Research of New Outlets for Glycerol-recent developme
ass-derived hydrocarbons in liquid water”, Nature 418, 964-967 (2002). 
 A. H. and M.J. Antal, Jr., “Kinetics and Mechanism of the Vapour Phase 
 65
Czernik, S., R. French, C. Feik and E. Chornet, “Production of Hydrogen from Biomass-
derived Liquids”, Proceedings of the 2000 DOE Hydrogen Program Review (2000). 
 
Czernik, S., R. French, C. Feik and E. Chornet, “Hydrogen by Catalytic Steam 
Reforming of liquid Byproducts from Biomass Thermoconversion Processes”, Ind. 
Eng. Che, Res. 41, 4209-4215 (2
 
Dalai, A.K., N.N. Bakhshi, X. Lang, M.J. Reaney, P.B. Hertz and J. Munson, 
atalysis B: Environmental 43, 13-26 (2003).   
9-68 (2002).  
 
erdous D., Master’s Thesis “Production of Hydrogen and Medium Heating Value Gas 
 
F il: Quantification of 
Ethyl Esters, Mono-, Di-, and Triglycerides and Glycerol by High-Performance Size-
  
Franco, C., F. Pinto, I. Gulyurtlu and I. Cabrita, “The study of reactions influencing 
Biomass Steam Gasification process”, Fuel 82, 835-842 (2003).  
G ., University of Florida, “Hydrogen Supply Technologies”, 
www.ases.org/hydrogen_forum03/Goswami.pdf
002).  
“Production of Diesel Fuel Lubricity Additives from Various Vegetable Oils”, Annual 
Interim Report for Canodev Research Inc. April (2000). 
 
Davda, R. R., J. W. Shabaker, G.W. Huber, R.D. Cortright and J.A. Dumesic, 
“Aqueous-Phase Reforming of Ethylene Glycol on Silica-supported metal Catalysts”, 
Applied C
 
Demirbas, A., “Hydrogen production from Biomass by the Gasification process”, 
Energy sources 24, 5
 
Demirbas, A., “Diesel Fuel from Vegetable Oil via Transesterification and Soap 
Pyrolysis”, Energy Sources 24, 835-841 (2002). 
F
from Lignin”, University of Saskatchewan, 2000.  
illiers, R., B.B. Mlayah and M. Delmas, “Ethanolysis of Rapseed O
Exclusion Chromatography”, JAOCS 72(4), 427-432 (1995).  
 
oswami, Y
 accessed on March 14 (2004). 
H l 
Warming”, Resource and Energy Economics 18, 115-136 (1996).    
Ma, F., and M.A. Hanna, “Biodiesel Production: a review”, Bioresource Technology 70, 
1-15(1999).  
Moenne, R., Vergunst, Th., Makkee M. and Moulijn J. A. High surface area silicon 
carbide as catalyst support”, http://acs.omnibooksonline.com/papers/1995_552.pdf
 
oel, M., and S. Kverndokk., “Depletion of Fossil Fuel and the Impacts of Globa
 
 
 
 
National Biodiesel Board; http://biodiesel.org/pdf_files/emissions.pdf
accessed on March 31, (2004).  
. accessed on 
August 9, (2004). 
  66
Peterson, C., G. Moller, R. Haws, X. Zhang, J. Thompson and D. Reece, “Optimization 
of a Batch Type Ethyl Ester Process”, From Ethyl Ester Process Scale-up and 
Biodegradability of Biodiesel report for the United States Department of Agriculture. 
 
Prakash, C.B., “A Critical Review of Biodiesel as a Transportation Fuel in Canada”, 
Report to Transportation System Branch, Air Pollution Prevention Directorate, 
 
R fication Biomass to produce 
Hydrogen Rich Gas”, Int. J. Hydrogen Energy 23, 551-557 (1998).  
S
, 154-159 (2004).   
, Florida pp s184-s185 (1994).  
Final report (303), November (1996). 
Environment Canada, March 25, (1998). 
apagna, S., N. Jand and U.P. Foscolo, “Catalytic Gasi
 
hah, S., S. Sharma and M.N. Gupta., “Biodiesel Preparation by Lipase-Catalysed 
Transesterification of Jatropha Oil”, Energy and Fuels 18
 
Shackelford, J.F., W. Alexader and J.S. Park (Eds), CRC Materials and Science and 
Engineering Handbook, CRC press
 
Smith, C., “Biodiesel Revolution Gathering Momentum”, www.straight.com, accessed 
on September 9, (2004).    
 
Specht, M., A. Bandi., F. Baumgart., T. Moellenstedt and O. Textor, “Enhanced 
Reforming Reaction for Hydrogen Production from Carbonaceous Feedstock”, 
Hydrogen Energy Progress XIII Edited by Mao, Z.Q., and T.N. Veziroglu pp 1203-
 
S , J.Scient. Ind. Res. 33, 
178-187 (1974).  
S ysis of Glycerol”, J. 
Anal. Appl. Pyrolysis 4, 283-296 (1983). 
S rmin”, 
International Journal of Hydrogen Energy 24, 771-777 (1999).  
S g Fischer-Tropsch 
technology”, Fuel 83, 765-770 (2004). 
Tyson K. S., “Biodiesel R & D”, Montana Biodiesel Workshop, October 8, 2003.  
6 (1991).  
1211 (2000).     
ridharan, R., and Mathai I.M., “Transesterification Reactions”
 
tein, Y.S., and M.J. Antal, Jr., “A Study of the Gas-Phase Pyrol
 
teinberg, M., “Fossil Fuel Decarbonization technology for Mitigating Global Wa
 
teynberg, A. P. and H. G. Nel, “Clean Coal conversion options usin
 
 
Wang D, D. Montané, E. Chornet, “Catalytic steam reforming of biomass-derived 
oxygenates: acetic acid and hydroxyacetaldehyde” Applied Catalysis A: General 143, 
245-270 (1996). 
 
Wigley T. M. L., “Could reducing Fossil Fuel emissions cause global warming?”, 
Nature 329, 503-50
  67
Wrobel., J and P. Wright, “Calorific values and Relative densities, Calculations from 
Composition”, Technical Monograph Series Communication 1080 (1978).  
u, X., Y. Matsumura, J. Stenberg and
 
X  M.J. Antal, Jr., “Carbon-catalyzed gasification 
of organic feedstocks in supercritical water”, Ind. Eng. Chem. Res. 35, 2522-2530 
 
Y : Physical, Thermodynamic, Environmental, 
Transport, Safety and Health related properties for Organic and Inorganic Chemicals”, 
 
oon, Y.G., R. Car and D.J. Srolovitz, “Thermal conductivity of Crystalline Quartz 
 
 
 
 
 
 
 
(1996).  
aws C.L., “Chemical Properties Handbook
McGraw-Hill, 1999.  
Y
from Classical Simulations”, Physical Review B 70, 012302-1 - 012302-4 (2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  68
7. APPENDICES 
 
Appendix – A: Calibration of Mass flow meter, LDC analytical pump, HP5890 GC 
nd HP5880 GC a
 
ppendix A1: Calibration of mass flow meter A
Volumetric flow rate = 1.0108 x Set point
R2 = 0.9963
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igure A1: Calibration of Mass flow meter.  
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Appendix A2: Calibration of LDC analytical pump 
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Figure A2: Calibration of LDC pump for glycerol. 
 
 
Appendix A3: HP 5890 GC and HP 5880 GC Calibration Curves for the Gaseous 
Product 
 
Figure A3.1: Calibration curve for hydrogen. 
 
No. of moles of H2 = -1E-15 x Peak Area2 + 3E-10x
R2 = 0.9982
0.0E+00
2.0E-06
4.0E-06
6.0E-06
8.0E-06
0.0E+00 1.0E+04 2.0E+04 3.0E+04 4.0E+04 5.0E+04
Peak Area
N
um
be
r 
of
 m
ol
es
 o
f H
2  a
t S
T
P 
1.0E-05
  70
 
 
No. of moles of CO = 4E-12 x Peak Area + 6E-07
R2 = 0.9942
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igure A3.2: Calibration curve for carbon monoxide.  F
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Figure A3.3: Calibration curve for carbon dioxide.  
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No. of moles of N2 = 5E-12 x Peak Area - 2E-07
R2 = 0.9978
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Figure A3.4: Calibration curve for nitrogen.  
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Figure A3.5: Calibration curve for methane.  
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No. of moles of C2H4 = 3E-12 x Peak Area
R2 = 0.9995
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 curve for ethylene.  
 
 Figure A3.6: Calibration
No. of moles of C2H6 = 3E-12 x Peak Area
R2 = 0.9995
0.0E+00
1.0E-07
2.0E-07
3.0E-07
4.0E-07
0.0E+00 2.0E+04 4.0E+04 6.0E+04 8.0E+04 1.0E+05 1.2E+05
Peak Area
N
um
be
r 
of
 m
ol
es
 o
f C
2H
6 
at
 S
T
P
 
Figure A3.7: Calibration curve for ethane.  
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No. of moles of C3H6 = 3E-12 x Peak Area
R2 = 0.9977
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igure A3.8: Calibration curve for propylene.  
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Figure A3.9: Calibration curve for propane.  
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No. of moles of 1-Butene = 2E-12 x Peak Area
R2 = 0.9927
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Figure A3.10: Calibration curve for 1-butene.  
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Appendix – B: Residence Time Calculations, Porosity and Permeability of the 
acked Bed  
ppendix – B1: Residence Time Calculations  
 
Assumptions for calculating residence time of the reactant in the pyrolysis process : 
1. Residence time of the reactant was calculated based on the flow rate of carrier 
gas 
2. Reactor bed volume was calculated on the basis of empty bed 
Height of the bed = 70mm 
Radius of the reactor = 5.25mm 
Volume of the reactor = 6058mm3  
Example  
Volumetric flow rate of nitrogen = 30mL/min 
30*800)/273 = 87.91 mL/min 
esidence time t = Volume of the bed / Volumetric flow rate (s) 
Table B1.1: Residence time of the reactant during pyrolysis process  
Carrier gas flow rate 
mL/min 
Residence time 
s 
P
 
A
At T = 800oC, Volumetric flow rate of nitrogen = (
R
30 4.1 
50 2.5 
70 1.8 
   
Assumptions for calculating residence time of the reactant in  the steam gasification 
process: 
1. Residence time of the reactant was calculated based on the flow rate of steam  
2. Reactor bed volume was calculated on the basis of empty bed 
Volume of the reactor = 6058mm3
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Example 
Steam to Glycerol weight ratio = 10:90 
.27gms of steam/30 min was pumped into the reactor 
Specific volume of the water at 800 C and atm pressure = 4.8872m /kg 
Volumetric flow rate of steam = 43980 mm /min 
Residence time = 8s 
Table B1.2: Residence time of the reactant during steam gasification process  
t ratio 
 
Residence time 
s 
0
o 3
3
Steam to glycerol weigh
10:90 8 
25:75 3 
1.7 50:50 
 
Appendix – B2: Porosity of the reactor bed 
 
The porosity of the reactor bed is the ratio of void volume of the packing 
material to the total volume of the bed including void volume. Usually porosity is given 
in the percentage. Measurement of porosity with different particles of the packing 
material 
A dry graduated cylinder was filled with the desired particle size of the packing 
material to the known volume (Vs). An empty beaker was w ed and filled with water. 
Again, the beaker was weighed with water to calculate the weight of the water. From the 
weight of the water, the volume of water (V1) can be calculated by keeping the density 
of the water as 1g/mL. Water was poured into the measuring cylinder up to the top 
surface of the packing material. If the water crosses the height of the bed, the above 
procedure should be repeated to maintain the level of the water. The beaker containing 
the water was weighed again to measure the volume of the water (V2). Void volume of 
is explained below.  
eigh
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the bed (Vo) was calculated by (V1-V2). Percentage of the porosity of the reactor bed can 
ing material is 
given in the Table B2      
 
meability of the packed bed  
 
actant 
flow. It is more difficult for the reactant to flow in a packed bed than in an open tube. 
Resistance to th n a packed bed can be defined as per ability (Bo). Bo is usually 
iven in units of cm .   Permeability of the packed bed with different particle diameter 
where 
eability of the packed bed with different particle size 
Pack
mm (%) (Bo) 
be calculated by the following formula.  
Porosity (%) of the reactor bed ε = (Vo/Vs) x 100. 
Porosity of the reactor bed packed with different particle size of the pack
 
Appendix - B3:  Per
 Presence of the packing material in the reactor creates resistance to the re
e flow i me
2g
of the packing material is given Table B2.  
   Bo = dp2 x ε 2/(180 x (1-ε)2)  
dp – diameter of the particle, cm 
ε – porosity of the packed bed 
  
 
Table B2: Porosity and perm
of the packing material 
ing material Particle size Porosity (ε) Permeability 
cm2
Quartz 0.21-0.35 44 8.5*10-7
Quartz 0.6-0.71 60 3.2*10-5
Quartz 3.0-4.0 75 4.6*10
SiC 0.21 54.5 1.9*10
SiC 1.0 65 1.2*10
Ottawa sand 0.6-0.71 40 4.2*10
-3
SiC 0.15 49 5.7*10-7
-6
SiC 0.71 61.7 4.5*10-5
-4
Ottawa sand 0.21-0.35 35 4.4*10-7
-6
Ottawa sand 1-1.15 55 4.6*10-5
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Appendix – C: Sample Calculations for Mass Balance  
Pyrolysis of glycerol  
The calculations are based on the data collected for experimental Run#04 
lycerol = 2.67g 
s composition and weight  
Components Peak area Number of 
500µL 
Total 
ber of 
moles in 
3.08L 
mol% 
(excluding 
N2) 
Weight 
g 
Feed: 
G
Mass balance calculations:  
Total volume of gas collected excluding nitrogen = 3.08L 
Gas analysis from GC 
Volume of gas injected into GCs was 500µL. Table C1 represents the calculations for 
the gas composition and weight of the product gas.  
Table C1: Calculations for the product ga
from GCs moles in Num
H 17687 2 5.4E-06 0.0515 48 0.10
CO 1030954 5.1E-06 4.88E-02 45.4 1.37
O 35313 
2.4E-07 0.0023 2.2 0.07
C 7 9 0.0
C3H6 30058 .8E-09 9.31 0.1 0.0
C3H8 0 0.0E+00 0.00E+00 0.0 0.0
1-Butene 9729 -09 3.431E-05 0
Nitroge 1490875 -06 0.0749   
Total number of moles E-05 0.1824            100%
C 2 8.8E-08 8.39E-04 0.8 0.04
CH4 239800 4.0E-07 0.0037 3.5 0.06
C2H4 350750 
2H6 3912 8.6E-0 8.15E-05 0.1 
9 E-05
3.6E .03 0.0
n 7.9E
1.9   
Total number of moles excluding nitrogen 0.1075 Total weig 1.64ht 
 
Calcula for finding calor lue of the product gas: 
Calo al g  can be calculated from the mole fractions at 
15oC sure.  The id alorific value is given by (Wrobel and W rght, 
1978) 
tions ific va
rific value of the ide as in MJ/m3
 and atm pres eal gas c i
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CV = x1*CV1 + x2*CV2 + ……….. 
where x1, x2….. are mol fractions, CV1,CV2………. are the calorific values. Calorific 
2: Calculations for the calorific value of product gas 
Components Calorific value at 
15oC and atm 
pressure 
MJ/m3
Mole fractions Calorific value 
MJ/m3
value of the product gas is presented in the Table C2   
Table C
H 12.1 48 7.132
CO 11.97 45.4 3.62
CH 37.71 3.5 1.82
59.72 2.2 0.75
C H 66.07 0.19
.9
C H 93.94 0.0 0
0.03 0
13.5
4
C2H4
2 6 0.1 
C3H6 87.09 0.1 0
3 8
1-Butene 114.98
Total 
 
Weight of the liquid product coll e c 63
Weight of the char collected in the reactor = 0.18
ht of the p  = 1.64 g 
 product =
balance = output)/input] * 100 = [(2.67-2.46)/2.67] * 100 = 91.9% 
 
 
 
 
 
ected in th ondenser = 0.
 g 
8 g 
Weig roduct gas
Total  2.46 g 
Mass  [(input-
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Appendix – D: Experimental Results   
 
 Run01 Run02 Run03 Run04 Run05
 
Packing material Quartz Quartz Quartz Quartz Quartz
Size (mm) 3.0-4.0 3.0-4.0 3.0-4.0 3.0-4.0 3.0-4.0
Run time (min) 30 30 30 30 30
Reaction temperature 0 80 (oC) 80 800 800 0 800
Reactant flow rate (g/ 5.4 5.4 5.4 5.4 5h) .4
Crude glycerol No No No No No
Glycerol in feed (g) 2.67 2.67 2.67 2.672.67
Water i ed (g) 0 0 0 0n fe 0
Methan  feed (g) 0 0 0ol in 0 0
Potassi ydroxide in feed 
(g) 0 0 0 0 0
um h
Nitrogen flow rate (mL/min) 30 50 50 7030
Steam cerol (wt ratio) N/A N/A N/A N/A to gly N/A
    
Product gas (mol%)   
H2 47.4 46.1 48 48.0 38.6.6
CO 43.6 44.8 44.9 45.4 52.2
CO2 1.1 1.2 1.0 0.8 0.7
CH4 4.7 4.7 3.3 3.5 4.6
C2H4 2.8 2.9 2.0 2.2 3.6
C2H6 0.2 0.2 0.1 0.1 0.1
C3H6 0.1 0.1 0.1 0.1 0.1
C3H8 0.0 0.0 0.0 0.0 0.0
1-Butene 0.0 0.0 0.0 0.0 0.1
    
Total product gas (moles) 0.107 0.104 0.108 0.108 0.09
Calorific value (MJ/m3) 14.5 14.6 13.7 13.9 14.9
Volume of gas(L/g) 1.12 1.08 1.15 1.15 1.05
Products yield (g)   
Gas 1.64 1.61 1.64 1.64 1.62
Liquid 0.58 0.58 0.58 0.64 0.74
Char 0.21 0.2 0.18 0.18 0.1
    
Product yield (wt%)   
Gas 67.6 67.4 66.6 66.7 65.7
Liquid 23.7 24.3 26.1 26 29
Char 8.7 8.3 7.3 7.3 4.1
    
Mass balance (wt%) 90.8 89.5 91.7 91.9 92.3
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 Run06 Run07 Run08 Run09 Run10
Packing material Quartz Quartz Quartz Quartz Quartz
Size (mm) 3.0-4 - 0- .0 0.6.0 3.0 4.0 3. 4.0 3 -4.0 -0.71
Run time (min) 30 30 30 30 30
Reaction temperature (oC) 8 600 50 700 750 800
Reactant flow rate (g/h) 5.4 5.4 5.4 5.4 5.4
Crude glycerol No No No N No o
Glycerol in feed (g) 2.67 2.67 2.67 2.67 2.6 7
Water in feed (g) 0 0 0 0 0
Methanol in feed (g) 0 0 0 0 0
Potassium hydroxide in 
0 0 0 0 0feed (g) 
Nitrogen flow rate 
(mL/min) 70 50 50 50 50
Steam to glycerol (wt ratio) N/A N/A N/A N/A N/A
     
Product gas (mol%)    
H2 41.5 16.9 22.1 27.7 50.7
CO 49.9 54.0 50.0 45.7 41.3
CO2 0.6 0.2 0.0 1. 11 .2
CH4 4.7 14.2 14.5 14.1 3. 1
C2H4 3.2 10.1 9.6 9.1 2. 1
C2H6 0.1 2.2 2.0 1.5 1. 1
C3H6 0.1 2.4 1.7 0.8 0. 6
C3H8 0.0 0.0 0.0 0.0 0. 0
1-Butene 0.1 0.1 0.1 0.0 0.0
     
Total product gas (moles) 0.1 0.030 0.052 0.076 0.115
Calorific value (MJ/m3) 14.7 21. 21 20.6 144 .2 .17
Volume of gas (L/g) 1.07 0.41 0.61 0.8 1.5 19
Products yield (g)    
Gas 1.68 0.68 1.08 1.5 1.7
Liquid 0.75 1.66 1.2 0.8 0.62
Char 0.1 0.08 0.11 0.14 0.2
     
Product yield (wt%)    
Gas 66.4 28.1 45.2 60.8 67.7
Liquid 29.6 68.7 50.1 33.4 24.4
Char 4 3.3 4.7 5.8 7.9
     
Mass balance (wt%) 95.4 91.5 89.2 91.2 92.3
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R R Run13 un1 15 un11 un12 R 4 Run
Packing material Q Suartz SiC SiC iC SiC
Size (mm) 0.21-0.3 0.71 0.21 .155 1  0
Run time (min) 30 30 3 30 300 
Reaction temperature (oC) 8 80 800 800 00 0 800
Reactant flow rate (g/h) 5 5 5. 5.4 5.4.4 .4 4 
Crude glycerol No No N No Noo 
Glycerol in feed (g) 2.67 2.67 2.67 2.67 .672
Water in feed (g) 0 0 0 0 0
Methanol in feed (g) 0 0 0 0 0
Potassium hydroxide in feed (g) 0 0 0 0 0
Nitrogen flow rate (mL/min) 50 50 50 50 50
Steam to glycerol (wt ratio) N/ N/A N/A N/A /AA  N
      
Product gas (mol%)     
H2 55.4 39.6 40.2 42.6 49.7
CO 3 4 40.1 39.5 4.06.9 0.2 4
CO2 1.9 1.0 0 0.8 1.3.8 
CH4 3 10 10.2 9.6 3.2.1 .3
C2H4 1.9 7.2 6.9 5.6 1.6
C2H6 0.8 1 1.1 1.3 0.1.0
C3H6 0 0 0.7 0.6 0.0.0 .6
C3H8 0 0 0.0 0.0 0.0.0 .0
1-Butene 0 0 0.0 0.0 0.0.0 .0
      
Total product gas (moles) 0.13 0.110 0.12 12 0.120.
Calorific value (MJ/m3) 13.9 18.5 18.3 17.7 3.51
Volume of gas (L/g) 1 1 1 1.23 .28.32 .18 .2  1
Products yield (g)     
Gas 1.74 1.89 1.9 1.81.9 
Liquid 0.56 0.51 0.40.5 0.6
Char 0.2 0 0.1 0.1 .15.1 0
      
Product yield (wt%)     
Gas 71.2 73 75.1 .3 77.676
Liquid 2 21.2 19.98 160.5 23
Char 8.2 3.7 3.6 3.7 6.4
      
Mass balance (wt%) 89.7 98 98 92.9 92.1
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 Run16 Run17 Run18 Run19 Run20
Packing material Sand d SSan and Quartz Quartz
Size (mm) 1.0-1.15 1 0.35 2-0. 0.2-0.6-0.7 0.20- 0. 35 0.35
Run time (min) 3 0 30 3 0 30 30
Reaction temperature 
800 0 800 800 (oC) 80 800
Reactant flow rate (g/h) 5.4 4 5.4 55. .4 5.4
Crude glycerol No o No NN o No
Glycerol in feed (g) 2.7 7 2.7 22. .39 2
Water in feed (g) 0 0 0 0.27 0.67
Methanol in feed (g) 0 0 0 0 0
Potassium hydroxide in 
feed (g) 0 0 0 0 0
Nitrogen flow rate 
(mL/min) 50 50 50 0 0
Steam to glycerol (wt 
ratio) N/A N/A 10:90 2N/A 5:75
     
Product gas (mol%)    
H2 40.3 1 46.6 61 645. .9 4.0
CO 42.3 6 42.5 30.2 242. 9.3
CO2 1.9 2 1.7 12. .6 2.4
CH4 9.8 3 5.3 46. .7 3.6
C2H4 4.3 6 3.0 13. .2 0.5
C2H6 1.4 1 1.0 00. .4 0.2
C3H6 0.1 0.1 0.0 0.1 0.0
C3H8 0.0 0 0.00. 0.0 0.0
1-Butene 0.0 0 0.00. 0.0 0.0
     
Total product gas (moles) 0.105 0.120 0.12 0.14 0.13
Calorific value (MJ/m3) 17.1 1 15.1 1315. .8 13
Volume of gas (L/g) 1.11 1 1.22 1 11.2 .51 .65
Products yield (g)    
Gas 1.83 1.85 1.88 1.62 1.45
Liquid 0.75 0.64 0.57 0.36 0.14
Char 0.11 1 0.16 0.17 0.1 0.12
     
Product yield (wt%)    
Gas 68 70.9 71.9 75.3 84.8
Liquid 28.1 8 21.9 16.8 24. 8.2
Char 3.9 7.2 6.1 7.9 6.99
     
Mass balance (wt%) 96.5 96 93.7 91.4 91.4
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 Run2 22 R R1 Run Run23 un24 un25
Packing material Quartz QSiC SiC SiC uartz
Size (mm) 0.2-0 .15 0.35 0 0.15 0.15 .2-0.35
Run time (min) 30 30 3 330 0 0
Reaction temperature (oC) 800 800 800 800 800
Reactant flow rate (g/h) 5.4 5.4 5 55.4 .4 .4
Crude glycerol No No N NNo o o
Glycerol in feed (g) 1.31 .03 0 1.30 .69 3 0
Water in feed (g) 1.31 .68 2 1 02 .03 .33 
Methanol in feed (g) 0 0 0 0 2 .75
Potassium hydroxide in 
0 0 0 0 0feed (g) 
Nitrogen flow rate 
0 0 0 0 50(mL/min) 
Steam to glycerol (wt ratio) 50:50 :90 25: 50:50 N/A10 75
     
Product gas (mol%)    
H2 58.9 50.6 57.8 54.1 65.7
CO 30.3 38.3 33.0 37.5 32.1
CO2 4.4 0.8 1.1 1.1 1.1
CH4 4.8 6.6 5.3 4.7 1.2
C2H4 1.3 3.3 2 02.4 .3 .0
C2H6 0.3 0.3 0 00.2 .3 .0
C3H6 0.1 0.1 0 00.1 .1 .0
C3H8 0.0 0.0 0 00.0 .0 .0
1-Butene 0.0 0.0 0.0 0.0.0 0
     
Total product gas (moles) 0.09 30 0 0.0 0.20.1 .11 7 5
Calorific value (MJ/m3) 13.5 15.4 14.6 14.3 12.22
Volume of gas (L/g) 1.71 .23 1 21 1.33 .4 .4
Products yield (g)    
Gas 1.11 .83 21 1.32 1 .7
Liquid 0 0.41 0.24 0.05 0
Char 0.07 .19 0.07 0.0 0.12 03
     
Product yield (wt%)    
Gas 94 75.2 78.6 89.5 98.9
Liquid 0 17 14.3 4.2 0
Char 6 7.8 6.3 7.1 1.1
     
Mass balance (wt%) 95 0.8 8 929 6.8 .3 99
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Run Run Ru R  0 26 27 n28 un29 Run3
Packing material Q Qua Q zuartz rtz uartz Quartz Quart
Size (mm) 0.2-0.35 2-0.3 0.2-0. 0.2-0.35 0.2-0.350. 5 35
Run time (min) 30  030 30 30 3
Reaction temperature (oC) 800 80 8  00 00 800 80
Reactant flow rate (g/h) 5.4 5.  44 5.4 5.4 5.
Crude glycerol No  YesNo No No
Glycerol in feed (g) 1.31 1.  1.9426 1.1 1.7
Water in feed (g) 1.31 0 0.1 0.21 48 0.2
Methanol in feed (g) 0 0.68 0.54 0.88 1
Potassium hydroxide in 
0 0 0 0.04 0.05feed (g) 
Nitrogen flow rate 
 0(mL/min) 0 50 0 0
Steam to glycerol (wt 
50:50 N/A 10:60 10:60 7.5:91.5ratio) 
     
Product gas (mol%)    
H2 58.9 57 5  1.0 4.4 52.1 52.
CO 30.3 34 3  2.1 4.5 29.8 31.
CO2 4.4 3  1.9 4.3 7.7 5.
CH4 4.8 3  5.6 4.9 8.8 9.
C2H4 1.3 0  5.9 1.4 1.2 1.
C2H6 0.3 0  6.3 0.5 0.5 0.
C3H6 0.1 0  1.0 0.1 0.0 0.
C3H8 0.0 0.0 0.0 0.0 0.0
1-Butene 0.0  00.0 0.0 0.0 0.
     
Total product gas (moles) 0.0 0.1  69 10 0.1 0.15 0.1
Calorific value (MJ/m3) 13.5 13.12 13.7 14.2 14.8
Volume of gas (L/g) 1.71 1.  463 1.66 1.5 1.
Products yield (g)    
Gas 1.11 1  2.5 1.5 2.1 2.2
Liquid 0 0.31 0.28 0.2 0.45
Char 0.07 0.05 0.04 0.09 0.17
     
Product yield (wt%)    
Gas 94 80. 9 88.02 18 0.9 78.
Liquid 0 16.5 6.6 8.27 15.9
Char 6 2  6.7 2.5 3.7
     
Mass balance (wt%) 95 95.5 98.4 93.4 95.6
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 Run31 2 3Run3 Run3
Packing material Quartz z zQuart Quart
Size (mm) 0.2-0.35 5 50.2-0.3 0.2-0.3
Run time (min) 30 0 03 3
Reaction temperature (oC) 800 0 080 80
Reactant flow rate (g/h) 5.4 4 45. 5.
Crude glycerol Yes sYes Ye
Glycerol in feed (g) 1.6 3 31.3 1.
Water in feed (g) 0.53 1.11 11.
Methanol in feed (g) 0.13 9 80.6 0.6
Potassium hydroxide in 
feed (g) 0 0.03 0.03
Nitrogen flow rate 
(mL/min) 0 0 0
Steam to glycerol (wt ratio) 25:75 50:50 50:50
   
Product gas (mol%)  
H2 57.3 59.6 59.7
CO 1 7 322. 19. 21.
CO2 4.7 0 06. 5.
CH4 12.4 5 911. 10.
C2H4 2.6 4 42. 2.
C2H6 0.7 6 60. 0.
C3H6 0.2 2 20. 0.
C3H8 0.0 0 00. 0.
1-Butene 0 0 00. 0. 0.
   
Total product gas (moles) 0.09 0.070 0.07
Calorific value (MJ/m3) 16.3 7 715. 15.
Volume of gas (L/g) 1.47 3 61.6 1.6
Products yield (g)  
Gas 1.1 1.5 1.5
Liquid 3 0 00.1
Char 0 2 5 4.1 0.0 0.0
   
Product yield (wt%)  
Gas 81.5 91.05 90.9
Liquid 8 0 69. 6.
Char 8.7 9 88. 9.
   
Mass balance (wt%) 89.2 90.1 90.5
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Appendix – E: Energy Balance Calculations for Hydrogen Production from 
G
Specific heat capacity, heat of formation and enth  of form on of components such 
as glycerol, water, hydrogen and carbon monoxide were take m Chemical Properties 
Handbook, Yaws, 1999.  
E r the pyrolys lycer ocess:
The energy calculations are based on the following thermal cracking of glycerol reaction 
in the absence of water and conditions  
C 8O3 → 4H2 + 3CO 
Feed at 25 C and Product at 800oC 
lycerol   
alpy ati
n fro
1: Energy balance fo is of g ol pr  
3H
o
 
Basis : 1 mol of glycerol in feed  
Boiling temperature of glycerol is 290
Energy required to take liquid glycerol from 25oC oiling erature (290oC):  
TQ
9.
)806.1105106007.8145.132(
25
361 +∗−∗+∫ −−−   
Heat of vaporization (Hvap) of glycerol at 290oC 13KJ/
Energy required to vaporize the liquid erol at oC 
Q 3   
nergy required to take glycerol vapor from 290oC to 800oC  
oC 
 to b temp
∫=1 dTmC p    290
25
Q
kJQ
dTTT 23
68=
10∗8974.1*11 =
1
290
 is 66. mol 
glyc 290
molH vap 1.661*2 == kJ
E
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kJQ
dTTTTQ
49.106
)10*7745.210*1794.310*6797.210*2826.4656.9(*1
3
41138241
3
=
++−+= ∫ −−−− T
4
800
290
 
Total energy required for the feed at reaction temperature:  
QF = Q1 +Q2 + Q3
Q  = 241.52 kJ 
Calculation for the heat of reaction of the following reaction:  
C H O  → 4H  + 3CO  
∆+∆=
=
−+−++=
∆+∆=∆
41238253
41238252
2
))10*2617.210*2227.110*013.210
))((*3)(
89
))10*7585.810*1880.310*8549.310*0178.2399.25(0(*4
))((*4)(
dTTTTT
dTCCOHCOH
kJ
dTTTTT
dTCHHHH
pfr
p
Energy Output 
F
3 8 3 2
∫
25
800
2 fr
∫ −+−= 800 *58.6556.29(54.110(*3 −−−−
−−−−
+−+
∆
25
KJ21.262−=
 kJCOHHHH rrproductsr 2.173)()()( 2 −=∆+∆=∆Σ
))10*7745.210*1794.310*6797.210*2826.4656.9(8.582(*1
))((*1)(
41138241
383383
dTTTTT
dTCOHCHOHCH pfr
−−−− ++−++−=
∆+∆=∆
∫
kJHHQH
kJH
kJ
treacrproductrRreactionr
treacr
86.305)()()(
06.479)(
06.479
tan
tan
=∆Σ−∆Σ==∆
−=∆Σ
−=
 
Total energy required for the reaction: 
Q=QF + QR = 547.38 kJ  
Heating value of H2 = 282.24 kJ/mol 
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If hydrogen selectivity for the pyrolysis reaction is 100% 
The total heating value of produced H2 is 
*282.24 = 1129.6 kJ 
2.22 kJ/mol of glycerol reacted 
 for the Run#11 
.43/92 = 0.06 moles 
Moles of H2 produced = 0.1422 moles 
Therefore, 2.33 moles of H2 produced from one mole of glycerol fed.  
Heating value of the produced H2 = 2.33*282.24 = 658.56kJ 
Total energy input for the reaction = 547.38kJ  
Net energy recovered = 658.56-547.38=111.18kJ/mol of glycerol fed 
For the breakeven value of energy, the minimum hydrogen yield needed is: 
547.38/282.24 = 1.94 moles H2/mol of glycerol feed.    
4
The net energy gain is  
1129.6-547.38=58
Energy balance
Basis: Run time =1 h  
Moles of glycerol fed = 5
 
E2: Energy balance for the steam gasification of glycerol:  
The energy calculations are based on the following steam gasification of glycerol 
reaction and conditions  
O  
ratio 50:50. 
 product at 800oC.   
C3H8O3 + 5.2H2O → 4H2 + 3CO + 5.2H2
Steam to glycerol weight 
Feed at 25oC and
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Calculations shown here for the Run#21  
Heat required for feed glycerol 
Qglycerol = 241.52 kJ  
Heat required for feed water 
5.5*10-3 kJ/(mol.K)  
 liquid water from 25oC to 100oC  
41.29
s 39.5 KJ/mol 
2
Energy required to take water vapor from 100 C to 800 C 
Boiling temperature of water is 100oC 
Specific heat capacity of water = 7
Energy required to take
dTmCQ pw )25100(*10*4.75*2.5
3
1 =−== − kJ  
Heat of vaporization of water at 1 atm i
kJHmQ 4.205* ==  vapw
o o
∫=
100
3 dTCmQ pw  
800
kJ
dTTTTT
98.127
)*10*693.310*7825.110*9906.210*4186.8933.33(*2.5
800
100
−+−= ∫ 41238253
=
+ −−−−
king part of the reaction.  
water and glycerol in steam gasification 
 
Total heat energy required for the feed water 
Qwater=Qw1+Qw2+Qw3=362.78kJ/mol of water fed 
Assuming steam is not ta
Total heat energy required for the feed 
process:  
QF = Qglycerol + Qwater = 604.3 kJ 
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Total heat energy required for the reaction 
10.16 kJ  
92 = 0.014 moles 
les 
ycerol fed.  
Heating value of the produced H2 = 3.64*282.24 = 1027.35kJ 
Net energy recovered = 1027.35-910.16=117.19kJ/mol of glycerol fed 
For the breakeven value of energy, the minim m hydrogen yield needed is: 
910.16/282.24 = 3.22moles H2/mol of glycerol feed.   
 
 
Q=QF +QR= 604.3 + 362.78 = 9
Energy Output 
Moles of glycerol fed = 1.31/
Moles of water fed = 1.31/18 = .073 mo
Moles of H2 produced = 0.051 moles  
Therefore, 3.64 moles of H2 produced from one mole of gl
Total energy input for the reaction = 910.16kJ  
u
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